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EXECUTIVE SUMMARY 

This report presents the results of a study, funded by the Federal Aviation Administration (FAA), 
of helicopter Crash-Resistant Fuel Systems (CRFS).  It covers the historical efforts that led to the 
current state of the art in military helicopter fuel systems and the more recent modifications to 
civil certification standards in Title 14 Code of Federal Regulations (CFR) Part 27 (Normal 
Category Rotorcraft) and Part 29 (Transport Category Rotorcraft). 
 
It describes the basic research, testing, field investigations, and production efforts that have led 
to the highly successful CRFS, that have saved many lives and have reduced the costs of 
accidents.  While the hardware and fabrics are available today to create the CRFS, the adequacy 
of the integration of these items into existing and new civil fuel system designs cannot be 
assessed because of the lack of current field investigation data on civil helicopter crashes.  This 
report reviews this problem, including the forms used for reporting and the current level of 
available data, which is essentially nonexistent.  Training of field investigators in specific 
crashworthiness technology is of great importance, as well as the need for trained engineers in 
the design and certification process. 
 
A discussion of the civil and military crash environments is provided to give a background for 
the discussion of the need for re-evaluation of the rationale used in establishing the current civil 
regulatory standards.  The value of full-scale crash testing during the early development of the 
military CRFS is reviewed.  The lack of any planned tests for the CRFS in current civil 
helicopters is an area of concern. 
 
A section of the study discusses the individual components of a CRFS, with guidance on the 
application of each item to the overall system design.  This report provides guidance to designers 
looking for information about CRFS design problems and analytical tools for use in product 
improvements. 
 
A summary of the changes currently taking place in the regulatory environment (specifications, 
standards, and regulations) for both military and civil rotorcraft development is included.  This is 
also an area of concern. 
 
This report provides information to the FAA and other governmental organizations that can help 
them plan their efforts to improve the state of postcrash fire protection in the civil helicopter 
fleet.   
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1.  INTRODUCTION. 

Postcrash fires account for a high percentage of injuries and fatalities in aircraft accidents that 
would, in the absence of such fires, be survivable.  The successful development and 
implementation of crash-resistant fuel systems by the U.S. Army in its rotorcraft fleet has proven 
that technology is available to virtually eliminate fire fatalities in otherwise survivable helicopter 
accidents.  The transference of this technology to civil helicopters has been slow in several 
decades since the Army implemented this technology.  Although the level of crash resistance in 
some civil helicopters has been improved over the years, progress has been uneven. 
 
The Federal Aviation Administration (FAA) funded several studies of civil helicopter crash 
resistance, primarily in structure, seats, and fuel systems, in the 1980s and early 1990s.  In an 
effort to minimize fuel spillage and reduce the postcrash fire hazard, the FAA issued 
amendments to 14 Code of Federal Regulations (CFR) Parts 27 and 29 in 1994 requiring certain 
features be installed to improve fuel system crash resistance in civil rotorcraft. 
 
The focus of this study is to assess the current crash-resistant fuel system (CRFS) technology and 
standards applicable to civil and military rotorcraft.  Based on this assessment, changes 
necessary to further implement CRFS technology into the fuel system and fuel system 
components section of AC29-2B are recommended. 
 
As the study progressed, it became clear that historical information regarding military CRFS 
technology and knowledge of the current CRFS technology can be combined to provide the civil 
fuel system designer with the necessary understanding of crash-resistant design principles to 
assist the civil designer in developing a truly crash-resistant fuel system.  Design aids, in the 
form of evaluation techniques, as well as design principles, are also formulated to assist the 
design effort. 
 
This report begins in section 2 with an analysis and summary of the history of military crash-
resistant fuel system development and the implementation of CRFS technology into military and 
civil rotorcraft. 
 
Section 3 reviews and analyzes the quantity and quality of available accident data for both civil 
and military helicopters.  The roles that accident data and its collection play in CRFS 
development also are discussed. 
 
The status of current CRFS design principles and technology is described and discussed in 
section 4, along with an assessment of CRFS implementation into civil and military helicopters.  
In addition to the discussion, tables are included that summarize the current status of CRFS 
design technology and related factors, as well as the level of implementation.  These tables 
highlight those areas most in need of improvement. 
 
Section 5 summarizes and analyzes military and civil standards applicable to CRFS for normal 
and transport category rotorcraft. 
 
CRFS evaluation methods are contained in section 6.  A rating system is described to evaluate 
the postcrash fire potential of any fuel system.  This section also contains an evaluation 
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technique that can determine the relative �fire hazard level� for each fuel system component 
and/or hazardous area.  This technique allows the designer to make optimum choices and trade-
offs in the selection of designs and components. 
 
Section 7 identifies a small number of modifications to AC29-2B that the authors believe more 
fully articulate the crash-resistant fuel system requirements of 14 CFR Part 29.  If 14 CFR Part 
29 is made more stringent at a later date, to further enhance survivability, the authors have also 
identified corresponding elements of AC 29-2B in which more stringent requirements must be 
added. 
 
Conclusions of the study are presented in section 8. 
 
Note:  The research program embodied in this report does not attempt to evaluate the 

appropriateness of the severity level of the upper limit survivable accident established by 
the FAA for civil helicopters.  Rather, the report attempts to document the history of the 
CRFS, and to suggest that further research and data collection should be undertaken by 
the FAA to consider increasing the severity level for the civil helicopter.  While this 
report focuses on the CRFS in civil helicopters, it should be noted that the authors are 
unanimous in their opinion that the standards used to develop the military CRFS should 
continue to apply to new military CRFS programs, and that new research should be 
undertaken by the military to determine how much these standards should be raised 
because of enhancements in the design of survivability components (e.g., seats, restraint 
systems, airbags, etc.).  
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2.  HISTORY OF HELICOPTER CRASH-RESISTANT FUEL SYSTEMS. 

2.1  BACKGROUND. 

The development of crash-resistant fuel systems for helicopters began 50 years ago with 
extensive testing and research conducted by National Advisory Committee for Aeronautics 
(NACA) now the National Aeronautical and Space Administration (NASA) and Civil Aviation 
Authority (CAA) the Federal Aviation Administration (FAA).  This effort was precipitated by 
statistical studies of airplane accidents, which showed that those accidents with postcrash fires 
had a much higher fatality rate than those without fires.  For instance, the 1946 statistics on U.S. 
air carrier accidents showed that two to three times as many people were killed in fire accidents 
as in nonfire accidents [1]. 
 
The increasing use of rotary-wing aircraft in military and civilian operations prompted similar 
studies to determine the hazard of postcrash fires in accidents with helicopters.  A study of 1,317 
major accidents involving both civilian and military helicopters showed that, although only 8.7 
percent of the accidents resulted in fire, 60.4 percent of all the fatalities occurred in those fire 
accidents [2].  Similar results were found in an analysis of U.S. Army helicopter accidents from 
July 1957 to June 1960.  Seven percent of the 579 accidents examined resulted in postcrash fires, 
but 63 percent of the fatalities occurred in those postcrash fire accidents [3].  This study also 
found that 78.5 percent of the postcrash fires could be attributed to ruptured fuel cells and/or fuel 
lines. 
 
In September 1959, the U.S. Army Transportation Command funded a 1-year contract with the 
Flight Safety Foundation to conduct research, generally in fields related to Army Aviation 
Safety, with particular reference to crash injury and crashworthiness programs.  The work was 
conducted largely by Aviation Crash Injury Research (AvCIR), a division of the Foundation in 
Phoenix, Arizona.  This collaboration continued for over 10 years and resulted, among other 
crashworthy improvements, in the development, design, and installation of crash-resistant fuel 
systems in the entire fleet of U.S. Army helicopters. 
 
2.2  DEFINING THE POSTCRASH FIRE PROBLEM. 

2.2.1  Airplane Crash Testing. 

Studies to define the causes of aircraft postcrash fires and the specific hazards such fires pose to 
the occupants began in 1924 during crash tests of United States Army DH-4 aircraft used to carry 
mail.  By removing ignition sources from areas of anticipated fuel spillage, crash fires were 
prevented.  While these and other efforts, such as the selective placement of fuel tanks, offered 
some help in reducing the postcrash fire problem, the first major scientific effort to address the 
problem in detail began in the late 1940s with several test programs conducted by the CAA and 
NACA in conjunction with the U.S. Air Force.  NACA proposed in 1948 that full-scale crash 
tests be conducted to determine if the use of low-volatility fuel offers significant safety benefits 
over gasoline and to obtain further information on the origin and propagation of fire during 
crashes [1].  Subsequently, a series of 17 full-scale crash tests was conducted using low-wing 
and high-wing, twin-engine cargo transport airplanes.  All the airplanes had reciprocating 
engines and most tests used gasoline, although some used low-volatility fuel.  The tests were 

 2-1



structured to simulate a takeoff accident in which the plane fails to become airborne.  The 
airplanes were accelerated along a guide rail under their own power, then released just before 
impacting an earthen barrier that tore off the landing gear and disrupted the engines and nacelles.  
The airplanes then struck embedded poles, designed to rupture the wing fuel tanks and slid along 
the ground until they stopped [4]. 
 
These pioneering tests showed that fuel spilled in liquid form from broken fuel lines and tanks 
formed a fuel mist around the plane while the plane was in motion.  Depending on the nature of 
the aircraft deceleration phase, the fuel could be projected ahead of the slowing aircraft, it could 
surround the slowing aircraft, or it could trail the aircraft.  Spilled fuel usually surrounded the 
aircraft wreckage after it came to rest.  The mist generally dissipated within 2 to 17 seconds after 
the plane stopped, depending on wind speed.  Ignition of the mist occurred in as little as 0.6 
second after impact.  Flames spread rapidly through the mist (as high as 45 ft/sec) as the flame 
front velocity was accelerated by the expanding burning mass of fuel and air.  The tests also 
showed that the use of low-volatility fuel did not prevent ignition or fire.  
 
Ignition sources determined during the tests were: 
 
1. Hot surfaces (e.g., exhaust system, heat exchangers, etc.) 
2. Friction sparks from abraded airplane metals 
3. Engine-exhaust flames 
4. Engine induction system flames 
5. Electric arcs, electrically-heated wiring and lamp filaments 
6. Flames from burning hydraulic fluid, engine oil, and alcohol 
7. Electrostatic sparks. 
 
NACA advocated in 1948 that efforts be continued on fuel system configurations and 
construction methods to contain fuel during a crash.  An extensive test series was being 
conducted at this time by the CAA to determine the effectiveness of fixed-wing integral tanks 
and conventional bladder-cell tanks in containing fuel during crashes [5].  The test program 
consisted of three basic test series of wing sections, including fuel tanks.  These tests were (1) 
deceleration, (2) impact, and (3) deformation.  The first two test series were conducted with the 
tanks mounted on a carriage accelerated down a test track; the first with the tank rigidly attached 
to the carriage and the second with the tank catapulted from the carriage onto a flat sandbag 
surface.  The deformation tests consisted of torsional and bending tests conducted in a test rig. 
 
The results of these tests showed that, although integral tanks could withstand over 20 G�s 
without leaking (resulting in fluid pressures of 30 to 40 psi), they had very low resistance to 
direct impacts.  The tests showed that bladder cells were structurally weak and easily elongated.  
The investigators concluded that no fuel tank of the era had any significant crash-resistant 
capabilities and that no particular type of tank was best. 
 
2.2.2  Helicopter Crash Testing. 

The FAA had conducted six helicopter drop tests by 1959, but these tests were designed 
primarily to measure structural load factors during crashes [6].  The crash tests conducted by 
AvCIR for the Army in the early 1960s were the first designed to determine the behavior of 
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helicopter fuel systems during crashes.  The first of what would eventually be over forty crash 
tests was conducted in October 1960 [7].  This test consisted of raising a twin-rotor, light-cargo 
helicopter (weight of 6,250 lbs.) 30 feet up in the air with a crane, driving the crane down a 
paved airport runway at 30 mph, at a designated point, releasing the helicopter to free fall to the 
runway, and impacting at velocities simulating severe but known survivable conditions.  High-
speed onboard and ground-based cameras documented the test and allowed visual analysis of 
events occurring during the crash.  The test was designed to measure structural loads, seat 
restraint and test dummy loads, and to determine the performance of the regular fuel system and 
an experimental range extension fuel tank carried in the right-hand copilot�s seat.  The seats 
collapsed during the impact and the range extension fuel tank was ruptured in several places, 
resulting in large amounts of fuel spillage in and around the helicopter.  The regular fuel system 
was not ruptured.  More importantly, the test proved that this was a satisfactory and inexpensive 
method for crash testing. 
 
Four more helicopter crash tests were conducted in the following year, all using the same test 
methodology as in the first test [2].  The basic purpose of these tests was to obtain acceleration 
and force data to help define the upper-limit survivable crash environment.  This, in turn, helped 
the aircraft designer develop better components, such as seats, restraint systems, and fuel 
systems. 
 
Meanwhile, in-depth investigations of U.S. Army helicopter accidents began in the 1950s and 
extended through the 1960s.  Numerous U.S. Army accident investigations, coupled with full-
scale crash tests, detailed some of the most common fuel system failures that occurred during 
helicopter crashes.  These were 
 
1. Many helicopter fuel tanks were located low in the structure and/or very near the outer 

surface of the aircraft, subjecting them to severe loads.  Additional loads were often 
added by heavy cargo and, in some cases, by the engine or transmission.  These loads 
caused the tanks to rupture during the crash. 

2. The tank was punctured by jagged metal and broken components of the failing structure.  
When puncture coincided with the high-pressure loading of the tank, the fuel tank wall 
was torn.  This tear progressed rapidly away from the wound. 

3. Fuel tank fittings were torn from the tank wall as the airframe structure moved relative to 
the tank. 

4. Fuel lines were cut, torn, or pulled apart if they were located in areas of displacing or 
failing structure. 

From this knowledge, a system was developed to allow evaluation of the crash survival potential 
of a fuel system even though no accident record was available for that aircraft.  Four crash tests 
were conducted on OH-4A and OH-5A helicopters after they were evaluated in flyable condition 
[8 and 9].  The fuel systems were re-evaluated after the crash tests and close correlations 
between the pretest and posttest evaluations occurred in every case.  The authors concluded that 
a trained evaluator could reliably evaluate the crash-survival potential of an aircraft fuel system 
in the absence of accident data and that reliable estimates could be made even during the design 

 2-3



stages of a specific aircraft.  This system has been further refined over the years.  Today, it can 
be used to reliably estimate the crash survival potential, and to identify and evaluate intelligent 
tradeoffs in crash-resistant design.  (See section 6 of this report.) 
 
2.2.3  The Postcrash Fire Environment.  

NACA was the first to investigate and quantify the postcrash fire environment and to determine 
available escape times based on this data [10].  The data was obtained from the full-scale 
airplane crash tests previously conducted and from supplemental burns of aircraft hulls.  It 
included measurements of the radiant heat, ambient air temperatures, and concentrations of 
carbon monoxide (CO).  Escape times were calculated from the measured data and known 
human tolerance levels.  Escape time from thermal injury was based on occupant skin 
temperature, which resulted in severe pain and second degree burning.  Escape times based on 
thermal injury varied from 50 to 300 seconds, depending on the position of the occupant in 
relation to the fire, size of the fire, and environmental conditions at the crash site.  It was found 
that fuel volatility did not affect escape times when fuel mists, occurring in most aircraft crashes, 
was ignited.  Escape time based on CO concentration was longer than for thermal injury, 
although the times did not differ greatly. 
 
The first tests to quantify the postcrash fire environment in helicopters were conducted by 
AvCIR.  These tests, along with accident reports and statistical data, indicated that the postcrash 
fire environment of helicopters was significantly different and more severe than that of fixed-
wing aircraft [11].  Four cargo-type helicopters were crashed with colored water in the fuel tanks 
to obtain fuel spillage patterns.  After these crashes, fuel was distributed around the crashed hulls 
in the same fuel spillage pattern and ignited.  Ambient air temperatures and CO concentrations 
were measured inside the burning helicopters.  The average escape time for this series of tests 
was only 17 seconds, based on human tolerance to inhaled hot air.  Since crash tests and accident 
reports showed that postcrash fires in helicopters generally began during or shortly after impact, 
and tended to engulf the whole aircraft, skin temperature from radiant heat was often the limiting 
factor and the escape time was even shorter.  Carbon monoxide was not a limiting factor in 
escape time because, although CO concentrations built up rapidly, they also dissipated rapidly 
because of the swift destruction of the fuselage by fire and the dilution of the CO concentration 
by air rushing in to replace the heated air, which was rising rapidly above the fire. 
 
2.3  DEVELOPMENT OF THE CRASH-RESISTANT FUEL SYSTEM (CRFS). 

2.3.1  Early Developments. 

Following the dismal results of the FAA�s wing fuel tank tests conducted in the late 1940s, the 
researchers concluded that any type of tank was safer if it was protected by heavier structure 
(e.g., the front spar) and located away from areas of structure prone to pronounced displacement 
during a crash (e.g., wing roots and landing gear) [5].  They also proposed the development of 
high strength and energy absorbing properties in flexible bladders as offering the most promising 
solution.  They recommended the use of flexible fuel lines and breakaway self-sealing couplings 
at the firewall to prevent fuel line failure and the use of inertia operated shutoff valves at the fuel 
tank outlets. 
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The FAA embarked on a 10-year program, from 1950 to 1960, to develop improved crash-
resistant fuel tanks and self-sealing breakaway valves for use in aircraft fuel systems.  Accident 
reports and accident investigation data were studied to determine impact attitudes and load 
factors in severe but survivable accidents for both fixed-wing and rotary-wing aircraft.  Based on 
this data and the data obtained during the previous wing tank tests, a resultant load factor of 35 
Gs was recommended for the fuel tank design in a fixed-wing aircraft [6].  It was also proposed 
that crash-resistant fuel cells be equipped with accessories and components which would not tear 
the cell and which could seal the fuel inside the cell in the event of appreciable cell movement. 
 
Six helicopter drop tests were conducted to furnish additional data for a rotary-wing aircraft [6].  
The helicopters were dropped from a height of 26 feet, resulting in a vertical impact velocity of 
41 ft/sec.  Accelerometers measured structural loads and loads on crash dummies.  The tests 
resulted in an average structural load factor of 32.  The instrumented dummies indicated the 
impacts were survivable, although injuries could be expected.  The investigators concluded that a 
resultant load factor of 35 was also justified for helicopter fuel systems.  
 
Three of the drop tests were of helicopters with the fuel tank located in the bottom of the 
structure, underneath the two rear seats.  In the first drop test, the bottom structure displaced 
upward of 4.75 inches (out of a total cavity depth of 16 inches).  The conventional bladder fuel 
cell ruptured on impact and the fluid in the cell flooded the cabin interior.  The two additional 
drop tests used self-sealing fuel cells made from material possessing a higher tensile strength.  
These cells did not rupture.  The investigators concluded that, although previously thought to be 
impossible or at least impractical, it was feasible to design �squash-resistant� fuel tanks for 
helicopters.  
 
During this timeframe, five different fuel cell materials, developed in a cooperative effort with 
the rubber manufacturers, were tested [12].  These materials were a composite, nonmetallic 
flexible construction made from elastomer-impregnated fabric arranged in layers or plies.  Two 
types of tests were conducted:  (1) strength and energy absorbing properties of material samples 
were determined using a compressed air gun and (2) impact tests were conducted of completed 
fuel cells mounted in two different simulated wing structures.  The researchers found that the 
impact resistance varied linearly with the tensile strength and energy absorbing properties of the 
material and was affected greatly by the fuel-cell construction (e.g., diffusion barrier liners in the 
cell and reinforcement at vulnerable locations of the cell). 
 
A method for calculating the tensile strength of crash-resistant bladder cell materials was 
developed based on the wing impact tests.  The required tensile strength was determined by 
using a compressed air gun [13].  This entire effort ultimately resulted in the issuance of 
specification MIL-T-27422A for fuel tanks in 1961. 
 
As the bladder-cell program neared completion, the FAA began a program to develop 
crashworthy safety valves and accessories for the new tanks.  This program arose from the 
recognition that the ability of the fuel cell to remain intact as it moved during a crash was 
influenced by the accessories attached to it.  It was concluded that crash actuated shutoff valves 
were needed at all cell openings and breakaway attachments to aircraft structure were needed for 
all fuel cell components and fuel cell hangers.  Guidance for development of shutoff valves and 
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breakaway accessories were obtained from fuel cell fitting manufacturers, aircraft manufacturers, 
and fuel cell manufacturers at a conference sponsored by the FAA�s Technical Development 
Center in the 1950s.  After this conference, the Center designed, fabricated, and tested shutoff 
valves and frangible attachments to be used with the new crash-resistant fuel cells [14].  The 
results of 91 dynamic tests provided sufficient design and performance data to derive 
specification requirements for prototype valves and accessories. 
 
In 1958, contracts were awarded to aircraft valve manufacturers for prototype breakaway valves 
and accessories.  Valve assemblies were received the following February and tested [15].  As a 
result of this program, the Air Force prepared a specification for self-sealing breakaway valves 
(MIL-V-27373) that was issued in 1960. 
 
2.3.2  Helicopter Fuel System Development.   

The first extensive testing of the new crash-resistant fuel tanks occurred as a part of the U.S. 
Army-funded research conducted by AvCIR (Aviation Crash Injury Research, later to be known 
as AvSER or Aviation Safety Engineering and Research).  Several fuel tank manufacturers had 
qualified fuel cells to MIL-T-27422A.  Several of these cells were installed in two CH-21 
helicopters, which were crash tested in October 1963 [16].  The first test helicopter was flown 
and crashed by a radio link remote control system.  Impact velocities were 38.5 ft/sec 
longitudinal and 11 ft/sec vertical.  The second helicopter was dropped from a mobile crane, 
impacting with a longitudinal velocity of 38.6 ft/sec and a vertical velocity of 36.8 ft/sec.  The 
tanks were punctured in the low-limit crash and failed catastrophically in the more severe crash.  
These tests clearly showed that the current crash-resistant tanks, and the standards which 
governed their design, were not adequate.  The vertical loading of the underfloor tanks had been 
underestimated.  Puncture and tearing of the tank material from jagged metal and the pulling out 
of fuel tank fittings had not been addressed in MIL-T-27422A.  It was apparent that resistance to 
puncture and tear propagation were equally as important as the material�s tensile strength. 
 
A cooperative effort with AvCIR engineers was undertaken with several fuel cell manufacturers 
to develop and test improved tank materials [16 and 17].  A large number of materials were 
screened and the most promising were tested for penetration and tear resistance using a chisel 
dropped onto a material sample and a pull test of material with a slit, respectively.  Full-scale 
tanks for crash testing were then constructed from the most promising of these materials.  These 
tanks, as well as typical aluminum tanks, standard aircraft bladder tanks and MIL-T-27422A 
tanks were tested in three fixed-wing and three helicopter crash tests conducted in 1964 and 
1965.  The fixed-wing (C-45) aircraft was accelerated along a monorail into a 35-degree barrier 
on the left and embedded poles on the right so that both wings suffered extensive damage.  The 
helicopters (CH-34 and CH-21) were dropped from a mobile crane.  The helicopter fuel tanks 
were located under the floor with rocks mounted beneath the fuselage or heavy cargo above the 
tanks.  All were severe, upper-limit survivable crashes. 
 
The test results are shown in table 2-1.  All of the tanks tested exhibited massive failures except 
for those made by Goodyear (�tough wall� and �fuzzy wall�) which showed good impact 
resistance.  The tough wall material consisted of three to four plies of nylon cloth oriented at 
various angles and bonded together with a resin.  The fuzzy wall tanks were made from a 3/8-
inch-thick nylon felt pad with a variety of inner membrane sealing films or layers.  The 
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investigators concluded that fuel tanks constructed of materials, such as those made by 
Goodyear, could provide excellent crash resistance at a reasonable weight.  They also concluded 
that MIL-T-27422A was inadequate and should be revised to include provisions and tests for 
impact, penetration, and tear resistance. 
 

TABLE 2-1.  SUMMARY OF TEST RESULTS�FULL-SCALE CRASH TESTS 

 LOCATION 

 WING FUSELAGE UNDERFLOOR 

Tank Type 
No. 

Tests 
Pole 

Impact 
No. 

Tests 
Wing-Tip 

Impact 
No. 

Tests 
 No. 

Tests No Cargo 
No. 

Tests 
1,000-lb. 

Cargo 

�Pliocell� 0 - 0 - 3 3 Failed**** 3 3 Failed 0 - 

Crash 
Resistant*** 0 - 0 - 2 2 Failed 0 - 0 - 

Aluminum 2 2 Failed 2 1 Failed 0 - 1 1 Failed 0 - 

Exp. Tank (A)** 0 - 1 No 
Failure 0 - 0 - 1 Failed 

Exp. Tank (B)** 0 - 0 - 0 - 0 - 1 Failed 

Exp. Tank (C)** 0 - 0 - 0 - 0 - 1 Failed 

Self-Sealing 0 - 0 - 0 - 4 4 Failed 0 - 

Net Tank 0 - 0 - 0 - 0 - 1 Failed***** 

�Tough Wall� 
Hollow 2 No 

Failure* 2 No 
Failure 1 1 Failed 1 No 

Failure 1 Failed 

�Tough 
Wall�/Honeycom
b 

1 No 
Failure* 1 No 

Failure 0 - 2 No 
Failure* 1 No Failure* 

�Fuzzy Wall� 1 No 
Failure 0 - 0 - 0 - 1 No Failure 

 
 * Minor Seepage � One Tank 
 ** Firestone Experimental Tanks 
 *** MIL Specification T27422A 
 **** Previous CH-21 Tests by AvSER 
 ***** Spillage Approximately 1 gal./min. 
 
Development of new fuel tank materials continued.  The team of AvSER and Goodyear soon 
developed two new materials known as ARM-018 and ARM-021 [18].  Both were laminates 
using woven ballistic nylon cloth impregnated with a urethane elastomer.  The typical crash-
resistant cell then in use had a tear strength that was only nine percent of the tear strength of 
ARM-021.  
 
In 1966, Goodyear Aerospace, The Aeroquip Corporation, E. B. Wiggins Corporation, and 
AvSER, working together, began a comprehensive program to improve the crash resistance of 
U.S. Army helicopters and to extend the crash resistance of the new, improved fuel cells to the 
entire fuel system.  The fuel systems of four U.S. Army helicopters (UH-1B, UH-1D, CH-47, 
and OH-6A) were analyzed and evaluated using design drawings, inspections of as-built aircraft, 
and available accident records [19].  Components analyzed included fuel cells (location, shape, 
and installation), fuel cell components and their attachments (drains, vents, filler necks, and 
boost pumps), and the fuel transfer system (fuel cell interconnects, fuel lines, and fuel line 
fittings).  The electrical systems and other potential ignition sources also were evaluated. 
Recommendations were made for improving the crash resistance of all four helicopter fuel 
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systems.  These recommendations included, among others, the use of the new crash-resistant fuel 
tanks, frangible attachments for all fuel tank components which had to be attached to the aircraft 
structure, flexible fuel lines, stronger fuel line fittings, and self-sealing breakaway valves at all 
tank outlets and at high-risk locations in the fuel lines. 
 
A fuel system fire hazard level reduction technique was developed to assist the fuel system 
designers, working in conjunction with crash investigators, trained in fuel system 
crashworthiness investigation, in estimating the relative fire hazard of a given fuel system 
design.  This engineering tool allowed the designers to evaluate various fire threat remedies in an 
effort to select the one most suited to achieve the desired results (see section 6 of this report). 
 
In addition to the fuel system analyses, a comprehensive testing program was conducted on 
currently available aircraft fuel lines and fittings.  Static tension and shear tests were conducted 
on both aluminum tubing and flexible, steel-braid covered hose.  All common sizes of standard 
(AN) fuel line fittings (straight and elbow) were tested in conjunction with the related hoses and 
tubing.  It was found that aluminum tubing and smaller aluminum fittings were unsatisfactory for 
most crash-resistant systems.  
 
Meanwhile, prototype frangible attachments for fuel-cell components were fabricated and 
subjected to extensive testing [19].  Results showed that plastic inserts in the metal attachment 
fittings could be readily developed for any application.  
 
Since no self-sealing breakaway valves were commercially available, quick-disconnect valves in 
use at the time were modified for use in tank outlets and in-line applications.  These valves 
underwent an extensive series of static and dynamic tests and performed well under a wide range 
of conditions.  This effort showed that a high degree of protection was possible with this type of 
valve and that the development of specifically designed self-sealing valves was feasible.  The 
investigators also determined that MIL-V-27393A was inappropriate for self-sealing breakaway 
valves because it was too specific and restrictive in design. 
 
The first crash test of a complete crash-resistant fuel system was conducted by AvSER early in 
1968 [20].  A UH-1A helicopter was equipped with crash-resistant fuel, oil, and electrical 
systems.  The system included (1) special crash-resistant fuel tanks and a felt-covered oil tank, 
(2) flexible fuel and oil lines in areas where rigid metal lines characteristically failed, and (3) 
self-sealing breakaway valves and fuel and oil line disconnects at strategic locations to allow for 
relative displacement of aircraft components.  A diagram of the crash-resistant fuel system is 
shown in figure 2-1.  The self-sealing breakaway valves in the fuel lines were modified with 
quick-disconnect valves.  The breakaway valves installed in the tanks at the aft crossover tube 
outlets were prototype valves made to safely separate by actually fracturing portions of the valve 
when crash forces were great enough, allowing each side of the valve to close.  These �one shot� 
valves were made by the participating valve manufacturers to meet AvSER specifications.  All of 
the individual crash-resistant fuel system components had been extensively tested beforehand by 
both static and dynamic tests. 
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1. Crash-Resistant Cells 
2. High Strength Tank Fittings 
3. Self-Sealing Breakaway Valves 
4. Crash-Resistant Lines 

 
FIGURE 2-1.  UH-1A CRASH-RESISTANT FUEL SYSTEM 

 
The helicopter was remotely flown to a severe, upper-limit survivable impact, experiencing a 
longitudinal velocity of 81 ft/sec and a vertical velocity of 23 ft/sec.  The impact angle was 15.5 
degrees.  All of the systems functioned satisfactorily and there was no fuel or oil spillage. 
 
2.3.3  Implementation of CRFS in Military Helicopters. 

The implementation of CRFS technology proceeded along two complementary paths.  One path 
was the preparation of design guides and specifications incorporating the new technology and the 
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other was the actual design and installation of crash-resistant fuel systems in U.S. Army 
helicopters. 
 
In 1965, the U.S. Army initiated, under its contract with AvSER, a project to consolidate the 
knowledge and design criteria published in the previous AvSER reports into one report.  This 
report summarized state-of-the-art crashworthy technology and included pertinent work 
conducted by other agencies in addition to AvSER.  This report was published in 1967 as the 
�Crash Survival Design Guide� [21].  The Design Guide, as it came to be known, included all 
aspects of crashworthiness (aircraft crash survival impact conditions and design pulses, airframe 
crashworthiness, seat and restraint harness design criteria, occupant environment criteria, 
emergency escape provisions, and postcrash fire safety).  The section on postcrash fire safety 
was devoted primarily to the design of crash-resistant fuel systems.  Some design criteria were 
presented for ignition source control, such as de-energizing electrical sources, inerting hot 
surfaces, and shielding wires and electrical components.  A brief discussion of the postcrash fire 
environment as related to human tolerance and escape times also was presented. 
 
The criteria for crash-resistant fuel systems included a detailed analysis of MIL-T-27422A and 
showed why the cut and tear resistance of the fuel tank material was vital to its survival during a 
crash.  Properties of the new materials were presented along with those of then standard 
materials, as shown in figure 2-2.  The areas under the curves in figure 2-2 denote the energies 
necessary to fail these materials.  The newer materials absorbed 8 to 12 times more energy than 
the MIL-T-27422A material. 
 

 
FIGURE 2-2.  RESISTANCE TO TEAR FOR TANK MATERIALS 
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The Design Guide also stressed the interaction of the fuel system components and aircraft 
structure during the crash.  Since failure of the tank was often caused by the tearing of the tank 
wall around the attachments, as the tank moved in relation to the surrounding structure, the use 
of frangible attachments and self-sealing breakaway valves was specified.  Protected locations 
for fuel lines, extra length in the lines, and the use of flexible hose with a braided steel covering 
were recommended. 
 
The Design Guide was updated to include research completed by AvSER (now a division of 
Dynamic Science) and Goodyear through January 1969 [22].  Major additions to the CRFS 
design criteria included examples of high-strength fuel tank metal insert retention methods and 
the requirement that the inserts have a retention strength of at least 80 percent of the tank wall 
strength.  Drawings showing different applications of self-sealing valves also were included 
along with the requirement that such valves, as well as all frangible attachments, should separate 
at less than 50 percent of the load required to fail the attached component.  In addition, the vent 
system design was expanded to prevent vent-line failure or spillage during tank compression or a 
rollover.  Minimum loads for fuel line fittings were also specified. 
 
Additional research and testing of fuel tanks resulted in the formulation and publication of MIL-
T-27422B in February 1970 [23].  The specification was completely revised and included new 
requirements to ensure the fuel tanks would, indeed, be crash resistant.  In addition to laboratory 
tests of the fuel tank material, to measure the puncture and tear resistance, tests were also 
required to assure satisfactory tank fitting retention strength.  Perhaps the most important change 
was the inclusion of dynamic testing of the completely configured fuel tank by dropping it, filled 
with water, onto a flat surface from a height of 65 feet. 
 
The research, design, and testing involved for the development of the UH-1D/H helicopter CRFS 
(begun in 1968) yielded much more knowledge about design criteria for crash-resistant fuel 
systems and their components.  Accordingly, the Design Guide was revised again in 1971 [24].  
Extensive additions were added in all areas, including that section devoted to CRFS design.  
Requirements from MIL-T-27422B were added, including the 65-foot drop test of the fuel tank 
with no leakage.  Test methodology was included to assure tank fitting retention strength of 80 
percent of tank wall strength.  Requirements for the separation loads of frangible attachments 
and self-sealing breakaway valves specified that the attachments and valves must meet all 
operational requirements, but should separate at 25 to 50 percent of the load required to fail the 
attached system or component.  Methods of analyzing and calculating the force in the most likely 
direction of occurrence during impact were presented.  Criteria for the self-sealing valves stated 
that the valves should be specifically designed for a �one shot� emergency breakaway function.  
Additionally, minimum loads were required for fuel lines and their fittings and test methods were 
specified.  This edition of the Design Guide was the basis for the criteria contained in MIL-STD-
1290 released in January 1974 [25].  The Design Guide has since been revised and expanded 
with twice as much knowledge available in all areas of crashworthiness.  The latest revision was 
published in 1989. 
 
The parallel effort to design and install crash-resistant fuel systems in U.S. Army helicopters 
began in 1968, when the U.S. Army committed itself to markedly reducing postcrash fires in 
survivable helicopter accidents.  Dynamic Science then began a program for the U.S. Army to 
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integrate a CRFS into the UH-1D/H helicopter, manufactured by Bell Helicopter Company [26 
and 27].  The effort began by studying UH-1D and related accident cases to determine problem 
areas.  The fuel system also was evaluated by the previously developed rating system (which had 
been expanded to include a more detailed process) to determine the overall fire hazard 
attributable to specific fuel system components.  Crashed, but intact hulls provided data for 
dimensions, possible interferences, and general system layout.  As work progressed, a close 
liaison was maintained with the Bell Helicopter engineers and component suppliers.  The design 
used many off-the-shelf items, but some items (which were only laboratory specimens at the 
beginning) had to be designed and built by various suppliers, then tested for operational and 
crashworthy acceptability.  Almost 700 static and dynamic tests were conducted to assess the 
crash effectiveness of the various components in the fuel system. 
 
The UH-1D/H crash-resistant fuel system is illustrated in figure 2-3.  The CRFS consisted of five 
interconnected MIL-T-27422B fuel tanks and tank outlets; self-sealing breakaway valves at the 
most vulnerable tank outlets; flexible steel-braid covered hose with in-line breakaway valves at 
probable failure points; and frangible connectors at tank-to-structure interfaces (tank components 
and hangers).  Three full-scale crash tests were conducted with helicopters containing the CRFS; 
one vertical drop and two by allowing the helicopter to free fall down an inclined cable, all onto 
irregular terrain consisting of several large rocks and a stump.  Overall, the fuel system 
performed as designed, however, several plumbing components allowed a small amount of 
leakage.  The fuel tanks safely contained their contents throughout the test programs.  The UH-
1D/H crash-resistant fuel system was judged to be highly resistant to failure in survivable 
accidents. 
 
In April 1970, with the component leakage problem resolved, the first UH-1H helicopter with a 
CRFS came off the production line and all subsequent production helicopters were equipped 
with the CRFS.  The manufacturers of the other military helicopters, i.e., Boeing, Sikorsky, 
Hughes and Bell, started designing crash-resistant fuel systems for their helicopters using 
consulting input from the AvSER group of Dynamic Science, and past AvSER employees who 
had joined the Robertson Research Group at Arizona State University.  An extensive retrofit 
program was also begun to equip already manufactured helicopters with a CRFS. 
 
A study conducted by the U.S. Army of helicopter accidents, from 1970 through mid-1973, 
showed that the crash-resistant fuel system performed remarkably well [28].  There were no 
thermal injuries or fatalities in any of those helicopters equipped with a CRFS.  A later study of 
U.S. Army helicopter accidents, from 1970 through 1976, corroborated the outstanding 
performance of the crash-resistant fuel systems [29].  Data from this study showed that the CRFS 
had reduced thermal injuries by 75 percent and had eliminated thermal fatalities.  The 
investigators concluded that the CRFS �..... has been shown to be a highly successful and 
operationally effective mechanism.� 
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FIGURE 2-3.  CRASH-RESISTANT UH-1D/H FUEL SYSTEM 
 
2.3.4  Crash-Resistant Fuel System in Civil Helicopters. 

In 1975, researchers who had been instrumental in developing the CRFS for military helicopters 
concluded that the next logical step was to provide postcrash fire protection to the civilian 
aviation industry and that no new scientific breakthroughs would be necessary to do this [30].  
Shortly thereafter, at least one manufacturer was planning to incorporate some CRFS technology 
into one of its civil helicopters [31].  This twin-engine, eight passenger helicopter was first flight 
tested in 1976 and scheduled for delivery in 1979 (actual delivery started early in 1980).  The 
helicopter contained four crash-resistant fuel cells�two in the sponson structures and two in the 
fuselage, just aft of the passenger compartment.  The attaching sponson fuel and vent lines 
incorporated self-sealing breakaway fittings at the junctures of the sponsons and fuselage.  The 
fuel cells, though not as crash resistant as MIL-T-27422B fuel cells, had improved cut, fitting 
pull out, and tear resistance, and had passed a 50-foot drop test.  They were a marked 
improvement over the regular bladder cells previously in use. 
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By 1986, the Aerospace Industries Association of America (AIA) had established a Helicopter 
Crashworthiness Project Group to determine if crash safety improvements were needed for future 
civil helicopters.  This group concluded that �Energy attenuating seats with shoulder harnesses 
and a crash-resistant fuel system are significant crash safety improvements that can be made for 
future civil helicopters ....� [32].  They also called for lower crash-resistant requirements for the 
fuel system since they believed the civil survivable crash environment was not as severe as the 
military�s.  They recommended that the test methods of MIL-T-27422B be used but with lower 
criteria, e.g., a drop height of 50 feet (56 ft/sec) with the fuel tank only 80 percent full of water.  
They also determined that the CRFS should tolerate displacement between components due to 
structural deformation during a crash and, that stretchable hoses, extra length hoses, self-sealing 
breakaway valves, and frangible fuel cell attachments might be needed. 
 
The criteria recommended by the committee for crash-resistant fuel tanks in civil helicopters is 
shown inside the heavily-lined area of table 2-2.  This table shows the range of fuel-cell bladder 
material in use at the time.  (Uniroyal and FPT are shown because their data was immediately 
available, but other manufacturers also made fuel cell materials in the same range.)  Most civil 
helicopters flying then were using material similar to the standard bladder material shown on the 
left of table 2-2, but the author reported that nine models of civil helicopters did incorporate 
some degree of crash resistance in their fuel systems by 1986. 
 
It is doubtful that the fuel-cell drop tests reported in table 2-2 included the surrounding aircraft 
structure.  The low-tear resistance and puncture resistance of some of the materials tested as 
compared to that of the MIL-T-27422B materials (shown on the right of table 2-2) could 
compromise the integrity of the fuel cell during a crash in which the cell wall must bridge a gap 
in the surrounding structure caused by structural displacement during a crash.  If the cell wall 
comes in contact with sharp objects or torn structure at this time, it would be very vulnerable to 
puncturing and tearing.  This type of failure was discovered early in the development of crash-
resistant fuel systems and has been discussed at some length in the literature [16 and 21].  
Certainly, the crash experience of the military helicopters, both with and without crash-resistant 
fuel systems, as well as the numerous helicopter crash tests conducted over the years, 
substantiate the need for high levels of puncture and tear resistance of fuel-cell materials in all 
helicopters. 
 
A study conducted for the FAA in 1994 reported that ten models of civil helicopters incorporated 
some degree of crash resistance in their fuel systems at that time [33].  The primary purpose of 
this study was to identify levels of crash resistance that could be incorporated into civil 
helicopters in different areas, including the fuel system.  This study also recommended a 50-foot 
drop test for the fuel cell versus the 65-foot drop required by the military. 
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Design configurations proposed for civil helicopter CRFS included:  crash-resistant fuel cells; 
flexible, steel-braid covered hose for fuel lines; self-sealing breakaway valves where the fuel line 
passes through the firewall and at other locations where necessary (e.g., tank outlets, and tank 
cross-feed lines); frangible attachments for all tank component-to-structure attachments; suction 
fuel feed; and means of preventing fuel spillage through the vents.  The development of CRFS 
had matured enough that the study report was able to list manufacturers of crash-resistant fuel 
cells, fuel lines, and self-sealing breakaway valves for the civil aircraft industry.  However, as of 
today, there still have not been any full-scale crash tests of helicopters incorporating CRFS built 
to the new Part 27 and 29 Regulations to verify that the requirements of the new regulations are 
appropriate. 
 

TABLE 2-2.  CRASH-RESISTANT FUEL SYSTEMS FUEL-CELL MATERIAL 
COMPARISON (CIRCA 1983) 

Test/Description 

Standard 
Bladder 

US-566RL 
Safety Cell 

US-770 
Safety Cell 

US-756 

FPT** 
FPT/ 

CR.615 

Military 
MIL-T-
27422B 
US-751 

Drop Height with 
No Spillage (ft) NA 50 

(80% Full) 
50* 

(80% Full) 
65 

(Full) 
65 

(Full) 

Constant Rate Tear 
(ft-lb) NA 400 210.0 42 400 

Tensile Strength 
(lb) 
   Warp 
   Fill 

 
140 
120 

 
168 
158 

 
1717 
1128 

 
NA 
NA 

 
NA 
NA 

Impact Penetration 
(5 lb Chisel) 
   Drop Height (ft)) 
   Parallel/Warp  
   45° Warp 

 
 
 

NA 
NA 

 
 
 

1.2 

 
 
 

8.5 
8.5 

 
 
 

10.5 
 

 
 
 

15 
15 

Screw Driver (lb) 25 333-446 370.5 NA NA 

Material Weight 
(lb/ft2) .12 .36 .40 .55 1.04 

Weight Increase 
Factor 

1.0x 3.0x 3.3x 4.6x 8.7x 

 
 *  Also dropped from 65 FT with no spillage 
** 350% Elongation 
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3.  ACCIDENT DATA. 

3.1  MILITARY HELICOPTERS. 

The incorporation of helicopters into military operations occurred during the Korean conflict, 
1950-1953.  These were mostly small, reciprocating-engine-powered craft, and were designed 
for the lightest possible airframe and system weight.  Very little attention was paid to 
crashworthiness in these early years, either in design or in accident investigation. 
 
One of the earliest studies of rotary-wing accident experience involving fire was by the U.S. 
Army Board for Aviation Accident Research (USABAAR) in 1960, based on accidents from 
1957-1960 [34].  An attempt was made to assess the costs and effects of postcrash fire.  Under 
contract to the U.S. Army Transportation Research Command (TREC), the Flight Safety 
Foundation�s AvCIR also reported on the crashworthiness aspects of several helicopter accidents 
during this time frame [35]. 
 
These studies resulted in increased emphasis on developing a database of crashworthiness 
information from military accident investigations.  The first five formal classes for military crash 
injury investigators were conducted in 1960.  An outline of the first handbook for Crash Survival 
Design Criteria also was prepared in this time period.  However, it was not until 1975 that the 
current formal U.S. Army investigative data collection procedures were established, and in 1978 
major investigations began to be conducted by teams from the U.S. Army Safety Center, which 
included trained crashworthiness investigators.  This resulted in improvements in both the 
quantity and quality of the crashworthiness data collected. 
 
CRFS were incorporated into U.S. Army rotary-wing aircraft beginning in 1970, accident data 
from these aircraft have established the value of crash-resistant specifications and design 
features.  A �Summary of U.S. Army Crashworthy Fuel Systems Accident Experience, 1970-
1973,� [28] showed that for rotary-wing aircraft without CRFS, there was a fire in 1 out of 11 
mishaps, while with the CRFS, fire occurred in only 1 in 50 mishaps.  During this period, there 
were no fire injuries or deaths in helicopters with CRFS.  Seventeen years elapsed (1970-1987) 
before the first thermal fatality in a CRFS equipped aircraft. 
 
In 1989, Shanahan and Shanahan reported on the kinematics of helicopter crashes [36].  This 
paper updated the impact kinematic parameters from accident reports of rotorcraft that were 
designed to the earlier Crash Survival Design Guide data, and noted significant changes.  This 
work was possible because the U.S. Army investigators have been trained and are now required 
to collect these impact parameters. 
 
Shanahan also reported on the experience of the Black Hawk helicopter, the first designed and 
built to modern crashworthiness standards.  In the first 11 years of service, �The Black Hawk has 
proven itself to be highly crash survivable even in impacts up to 18.3 m/s (60 ft/s) vertical 
velocity� [37].  This report confirms that the most important factor in crash survival in 
helicopters is prevention of postcrash fires, but the other factors are also significant, as the 
benefits of a CRFS �� would be severely mitigated if occupants were fatally injured by 
collapsing structure or by failure of seats� .�  In these 11 years, there was not a single fatality 
due to thermal injury in the Black Hawk, in spite of its higher accident rate and higher impact 
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velocities.  The report noted, �In several cases, the fuselage has ruptured allowing the fuel cells 
to separate from the aircraft without significant spillage.� 
 
In a 1994 unpublished study of U.S. Army mishap reports [38], there were no accidents, injuries, 
or aircraft damage due to failures of crash-resistant frangible fuel line couplings installed in U.S. 
Army helicopters in the 22 years from 1972 through 1993.  There were 11 reports of shutoff 
events, six attributed to maintenance error and one to an overstressed coupling.  This data 
produced a fuel shutoff event rate of one per 2.5 million flight hours.  During this study, three 
manufacturers of these couplings were contacted and they reported no claims of in-flight 
activation in any military units they had delivered. 
 
The following recent accident summaries from U.S. Army files show the effectiveness of CRFS.  
There were no postcrash fires in these accidents. 
 
• UH-60L 
 

The accident occurred during the conduct of a daytime visual flight rules flight at 120 
feet AGL and 100 knots.  The UH-60L descended during a 60° to 70° bank-angle turn 
and crashed through 15-foot-tall jungle undergrowth and hardwood trees.  The aircraft 
was destroyed.  The two passengers were fatally injured and the three crewmembers were 
seriously injured. 

 
• AH-64A 
 

The training accident occurred during a night terrain flight at 100 knots and 70 feet AGL, 
with the crew using a target acquisition designation system/pilot night vision system.  
The aircraft struck and descended through approximately 70-foot-tall pine trees to ground 
impact.  The aircraft was destroyed and both crewmembers received major injuries. 

 
• UH-1V 
 

During 90-knot cruise flight about 1,820 feet AGL, the UH-1V nose abruptly pitched 
down 30° to 40° and the aircraft yawed right.  Even with both the pilot in command (PC) 
and the pilot on the controls (PI), only minimal control could be maintained.  The aircraft 
descended in a right turn to ground impact in a left-side-low, nose-low attitude.  The 
aircraft was destroyed and the PC, the PI, and the medical attendant received serious 
injuries.   

 
In summary, the military history of CRFS is outstanding.  The systems work as designed, fires 
are prevented in survivable accidents, lives are saved, and injuries reduced. 
 
3.2  CIVIL HELICOPTERS. 

Civil helicopters became available immediately after WWII, with the first civil certifications in 
the late 1940s.  They were certified to Civil Aeronautics Board (CAB) standards that did not 
mention crashworthiness and had minimal impact force survivability requirements. 
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One of the earliest studies of the helicopter crash fire problem [39] reported that fire occurred in 
8.7 per cent of helicopter accidents and 60.4 per cent of all fatalities occurred in these fire 
accidents.  Reviews of accident reports during this time frame showed a lack of data on impact 
parameters, but some general conclusions were available that showed that many were at high 
vertical impact angles.  Some specific accidents were reviewed, and a few drop tests of 
helicopters were conducted to obtain more data [6]. 
 
In 1978, Richard G. Snyder studied civil helicopter accident records from 1964-1977 and 
concluded that:  �Detailed investigations of impact injuries have not been conducted in civil 
helicopter accidents�� and �because of this lack of attention to occupant protection and 
crashworthiness, no large body of statistical data is available for analysis of the nature, site, and 
frequency of injuries� [40]. 
 
In 1980, the National Transportation Safety Board (NTSB) published a special study �General 
Aviation Accidents:  Postcrash Fires and How to Prevent or Control Them� [41].  In this study, it 
reviewed the history of postcrash fire prevention efforts, surveyed the state-of-the-art 
technology, and showed how the U.S. Army efforts had succeeded in reducing helicopter fire 
deaths by the application of techniques in the Crash Survival Design Guide.  It also reviewed the 
minimal regulatory provisions dealing with postcrash fire and made six recommendations to the 
FAA for corrective action.  They were 
 
• �Amend the airworthiness regulations to incorporate the latest technology for flexible, 

crash-resistant fuel lines, and self-sealing frangible fuel line couplings at least equivalent 
in performance to those used in recent FAA tests and described in Report No. FAA-RD-
78-28 for all newly certificated general aviation aircraft.  (Class II, Priority Action)  
(A-80-91)� 

 
• �Amend the airworthiness regulations to incorporate the latest technology for light 

weight, flexible crash-resistant fuel cells at least equivalent in performance to those used 
in recent FAA tests and described in Report No. FAA-RD-78-28 for newly certificated 
general aviation aircraft having nonintegral fuel tank designs. (Class II, Priority Action) 
(A-80-91)� 

 
• �Require after a specified date that all newly manufactured general aviation aircraft 

comply with the amended airworthiness regulations regarding fuel system 
crashworthiness. (Class II, Priority Action) ( A-80-92)� 

 
• �Fund research and development to develop the technology and promulgate standards for 

crash-resistant fuel systems for aircraft having integral fuel tank designs equivalent to the 
standards for those aircraft having nonintegral fuel tank designs. (Class II, Priority 
Action) (A-80-93)� 

 
• �Assess the feasibility of requiring the installation of selected crash-resistant fuel system 

components, made available in kit form from manufacturers, in existing aircraft on a 
retrofit basis and promulgate appropriate regulations. (Class II, Priority Action) (A-80-
94)� 
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• �Continue to fund research and development to advance the state-of-the-art with the view 
toward developing other means to reduce the incidence of postcrash fire in general 
aviation aircraft. (Class II, Priority Action) (A-80-95)� 

 
In the 20 years that followed, not one of these recommendations was implemented for fixed-
wing aircraft, and the first two were partially implemented for helicopters in 14 CFR Parts 27 
and 29. 
 
As the FAA began to seek data in preparation for regulatory changes regarding crashworthiness 
following the NTSB study, another detailed review of civil helicopter accident data was 
conducted from 1981 to 1985 [42].  This study reviewed 1351 accident files from 1974 to 1978 
and found that over 1,000 cases had insufficient data to determine impact conditions.  Cases 
where there was pending litigation were also omitted from the sample.  This left 311 cases in the 
sample.  One hundred of these were determined to be not survivable, or of unknown 
survivability.  Impact data was derived from 154 of the remaining �significant survivable� 
accidents, which occurred during that time frame.  The balance of 57 cases were low severity 
accidents.  No field investigations were performed during this study, and in many cases, only 
photos and witness statements were used to estimate data in the absence of specific reported data.  
It is clear from this report that accident investigation data collection for crashworthiness 
evaluation is severely lacking.  One of the recommendations in this report was to improve the 
NTSB data collection procedures.  This has not been done.  Despite the deficiency of 
substantiated data from which the authors estimated the 95th percentile survivable accident 
envelope, they nevertheless extended their impact protection criteria to all civil helicopters, 
including those weighing more than 12,500 lbs. 
 
The 95th percentile accident impact conditions based on this report, and used in developing the 
criteria for the current CRFS regulations, are not based on the kind of data that should be used 
for this purpose.  While a great degree of effort went into this report, to fill in the blanks in the 
accident files, the post hoc character of the study, and the large number of accidents not included 
in the analysis, does not provide the degree of confidence needed to insure that a proper 
engineering basis exists for the current standards. 
 
Current NTSB and FAA computerized accident data files do not contain any specific code for 
postcrash fire.  For this present study, NTSB and FAA files of helicopter accidents were 
searched for the words �fire� and �burn� in the text, for the period 1983 to present.  For pre-1995 
accidents, the microfiche files were read at the NTSB and cases with clear indications of 
postcrash fire were copied.  For more recent years, the NTSB and FAA web sites were used to 
print out available data on fatal helicopter accidents, and the files were reviewed and studied on 
the NTSB computer for postcrash fire information.  No attempt has been made to do statistical 
analysis of postcrash fire rates from this information because insufficient data exists.  However, a 
partial list of typical accidents to turbine powered helicopters in the U.S. over the past 17 years is 
included (table 3-1) to show that the postcrash fire problem still exists.  Although there were 
many additional cases of reciprocating powered rotorcraft having postcrash fires, these are not 
included in the table because the study focused on turbine-powered helicopters.  Detailed 
descriptions of injuries, crash damage, CRFS configuration, and fuel and ignition sources are 
largely ignored by civil accident investigators.  Until such time as these data are collected 
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regularly and accurately, it will be impossible to verify or validate the efficacy of CRFS 
applications in civil rotorcraft to any degree of reliability. 
 
The general practice for the NTSB in helicopter accidents is to do a �limited� investigation, i.e., 
a phone call from the investigator�s desk, if the accident is not fatal, regardless of whether 
postcrash fire occurred.  If fatal, the FAA is often delegated to do the field work.  Specific 
qualifications in crash-fire investigation is not a requirement for investigators, although some 
have been trained by the FAA or by attending various schools.  All of these factors seem to be 
budget driven decisions. 
 
It has been reported that some helicopters have been built with fuel systems designed to the latest 
CRFS requirements in 14 CFR Parts 27 and 29 [42].  In an attempt to determine if this data was 
being collected for these newer aircraft, all known fire accidents of these aircraft were extracted 
from the NTSB files and examined.  In no case was there a specific evaluation, and rarely an 
acknowledgement of the CRFS in the public record.  Although it is likely that manufacturers 
possess data that would confirm the CRFS configuration of accident aircraft, it is not explored by 
either the NTSB or FAA, and would not be released by manufacturers to the authors of this 
study.  Thus, there is no data available in NTSB records for this study to evaluate the 
effectiveness of the current CRFS regulations.   
 
In addition, some fire accidents shown in table 3-1 were ex-military UH-1 aircraft.  There was no 
indication in the docket whether these aircraft had the military CRFS, whether these systems had 
been maintained as such, or modified with non-CRFS parts, but the aircraft burned in accidents 
similar to military accidents where a fire would not be expected.  No discussion of fuel system 
details was included in these reports. 
 
Nineteen helicopter accidents in the U.S. during 1999 were identified, which involved aircraft 
with CRFS installed.  These accidents did not have a postcrash fire.  Most of these were not fatal 
and received a limited investigation (i.e., were not investigated).  Current NTSB and FAA 
investigation methodologies do not elicit valuable data about the effectiveness of CRFS 
technology from accident events. 
 
In 1996, the rotorcraft fatal accident rate was 1.67 per 100,000 hours flown, which is slightly 
higher than the overall general aviation fatal accident rate of 1.45.  There were 29 fatal accidents 
with 43 fatally injured occupants.  No data were available on fire injuries or fatalities [43]. 
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The following are two examples of fuel system performance in typical small and large turbine 
powered rotorcraft respectively. 
 
• Accident Example:  Small Turbine Helicopter 
 

Engine failed en route (due to loss of compressor air signal to fuel control) and a landing 
was made on a divided highway.  The glide was stretched to avoid a large wall and 
several cars, and the aircraft hit hard on the center median and skidded to the shoulder.  
Fire erupted at impact and left evidence across the highway.  The two occupants escaped 
with serious burn injuries.  The fuselage was consumed by fire, but the auxiliary tank did 
not leak or burn.  No statement was provided as to whether this auxiliary tank was a 
crash-resistant tank, although this information could be obtained from the aircraft 
maintenance records. 

 
• Accident Example:  Large Turbine Helicopter 
 

A transport category helicopter, which has a crash-resistant fuel system reported to be 
equivalent to the current 14 CFR Part 29 requirements, experienced loss of rotor RPM 
and settled.  The pilot elected to land in a street intersection and landed on parked 
automobiles.  The right side of the helicopter burned through exposing the interior.  The 
report states that the aircraft was equipped with a CRFS and that �The system ruptured 
and fuel was spilled over the roadway and parked cars.�  Report Supplement I, Crash 
Kinematics, is mostly filled in.  Supplement N, Fire Explosion, is filled in, and good data 
on injuries is provided.  A portion of the fuel system section of the maintenance manual 
is included in the report, but there are no details of how the CRFS worked or failed or 
whether valves operated and, if so, whether they sealed properly.  No specific 
information is provided on bladder failures, type of material, or number and location of 
tanks that still contained fuel.  Photos show a reasonably intact fuselage.  This example 
shows that, even where the documentation of CRFS performance could easily have been 
reported by the investigator, it was not. 

 
3.3  ACCIDENT REPORT FORMS. 

3.3.1  Civil Accident Investigation Forms. 

The NTSB has several specific crash impact data forms in their accident investigation report 
package (Form 6120.4, see appendix A).  These forms are all dated 1-84. 
 
Supplements A & C, �Wreckage Documentation� (the form to be used depends on the number of 
engines) have a section on Fuel Tanks, allowing for entries of fuel quantities (items A, B, and C).  
Item D on this form pertains to �Tank Construction� with the following choices:  1.  Wet wing; 
2.  Bladder; 3.  Metal; and E. Other 
 
Item F is �Spillsafe Fittings,� with choices Yes, No, Other.  Item H is �Fuel Leakage Rupture� 
with the following choices:  1.  None, 2.  Line; 3.  Fitting; 4.  Tank; and I.  Other. 
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There is no place to indicate if the bladders are of any special material and no details of how or 
why any �spill safe valves� might have worked or not worked, nor are they defined or their 
location given.  Even if the box indicating a �fitting� leaked is checked, there is no correlation to 
the spill safe valves, so one cannot determine if they worked or not.  There is one blank row for 
data on tanks in locations other than wing and fuselage, such as tailplane tanks in some 
transports.  There is no place to specify the location of the fuselage tank, whether this is a 
helicopter underfloor tank, a center wing section tank, a baggage compartment tank in the front 
or rear of the aircraft, or a passenger compartment range extension tank often used in helicopters. 
 
Supplement G is titled �Rotorcraft,� and the 1983 version of this page had one section, No. 4, 
called �Crashworthiness Provisions.�  This section had the following check box entries: 
 
1.  Fuselage 
2.  Fuel systems 
3. Crew seats 
4.  Passenger seats 
5.  Passenger shoulder harness 
6.  None 
 
In the 1984 version of the form, this box was removed and this data is no longer collected. 
 
Supplement I is called �Crash Kinematics.�  It provides places to record information about the 
impact sequence and is fairly comprehensive.  However, if Box 13, �Fuselage Totally 
Destroyed� is checked yes, then the rest of the form, regarding specific fuselage damage and 
exits, is to be skipped.  In reviewing many of the accidents listed in table 3-1, very few had 
Supplement I filled out in any detail.  This is the key form to provide statistical data on impact 
parameters and very little data is being collected. 
 
Supplement K, �Occupant, Survival and Injury Information,� is five pages long and a set may be 
filled out for each individual.  If the accident is judged �nonsurvivable,� boxes 3 to 35 are 
skipped.  No definition of nonsurvivable is given on the form.  Box 74 provides a location to 
indicate if death was due to �Fire/Smoke.� 
 
Supplement L, �Seat, Restraint System and Fuselage Deformation,� is three pages long and 
provides for information on many parts of the seats.  However, if the seats or restraint systems 
are marked �Totally Destroyed� no other specific information about them is collected. 
 
Supplement N is called �Fire/Explosion.�  It provides entries for where the fire started in the 
sequence, location of initial fire or explosion, boxes to be checked for ignition sources, fuel 
sources, fire propagation direction, percent of occupiable space in fire area at time of evacuation, 
ground structures burned, and one and one half pages for details on sensors and extinguishing 
systems.  Some files had this data filled in. 
 
Until 1991, some of the data from these forms was entered into a computer database.  In 1991, 
when the NTSB moved to their current facility, a new computer system was put into use and the 
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crashworthiness data was no longer entered into any database.  If needed, images of these forms 
must be found in the individual accident docket one at a time. 
 
For pre-1995 accidents, these docket files are on microfiche.  Later files are in a computer image 
file.  The microfiche files are readable, although the quality of the photos is poor, and copies may 
be made in the NTSB Public Inquiries office at 15 cents a page.  The computer used for 
accessing the later files is extremely slow, taking about 1.5 minutes to print a file page.  Some 
dockets are over 1000 pages long. In short, accessing whatever information exists is time 
consuming and difficult. 
 
In summary, the NTSB forms provide a place to record some critical data for CRFS evaluation 
and criteria development.  Unfortunately, the forms lack for precision, adequate space for 
sufficient information, and are rarely filled out in any detail. The little data that is collected is not 
available in usable form in any database. 
 
3.3.2  U.S. Army Accident Investigation Forms. 

Appendix A contains four U.S. Army accident investigation forms.  These are dated July 1994. 
 
DA Form 2397-6-R, �In-Flight or Terrain Impact and Crash Damage Data,� is specifically for 
rotorcraft and provides places to note the relevant impact parameters, crushing and deformation 
of structure, displacement of components, and many details of �Postcrash Flammable Fluid 
Spillage.�  In two pages, it is much more comprehensive than the NTSB forms. 
 
DA Form 2397-9-R, �Injury/Occupational Illness Data,� uses a coding format to document 
injuries, mechanisms, and cause factors.  Specific information on lost work time, loss of 
consciousness, amnesia, and cause of death (if applicable) is requested. 
 
DA Form 2397-10-R, �Personnel Protective/Escape/Survival/Rescue Data,� allows for detailed 
information in each of these areas.  Civil aviation does not use much of the equipment listed on 
this form. 
 
DA Form 2397-12-R, �Fire Data,� is also quite detailed, with many specific fire locations, 
materials, ignition sources, and extinguishing systems listed and boxes to check for involvement.  
There is also a location to indicate if the information is definite or suspected. 
 
These U.S. Army forms are the result of years of collecting impact and fire data in order to 
establish the best possible computer database for developing crashworthiness specifications and 
for system performance evaluations.  Because the U.S. Army pays for both the accident costs and 
the crash protection features, it has established a good system of feedback to optimize the overall 
system.  
 
The NTSB has no similar economic motivation since they pay only the investigative costs, but 
not the accident costs or prevention costs.  Under this system, and its inadequate budget, the 
NTSB has an incentive to keep investigative costs low and has no economic payoff for collecting 
detailed crashworthiness data. 
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3.4  COMPARISON OF MILITARY AND CIVIL CRASH ENVIRONMENTS. 

Helicopter accidents, both civil and military, have been studied for over 40 years.  Some of those 
studies were specifically directed toward crashworthiness, and some of the crashworthiness 
studies were specifically focused on the postcrash fire situation.  During this period, the military 
studies were quite involved and continue to be so today.  Conversely, the civil studies have been 
more sporadic; however, they have been able to benefit greatly from the knowledge gained 
during the military effort. 
 
A review of past military and civilian studies indicate that there is quite a difference in what the 
researchers concluded was the upper level serious but survivable accident.  When presented as a 
function of vertical velocity change, it has been suggested that the upper level for the civilian 
helicopter is around 26 ft/sec.  The military helicopter is engineered for greater survivability and 
can protect its occupants in accidents with vertical impact velocities of up to 42 ft/sec or more, 
depending on whose study is being reviewed. 
 
Each helicopter group (military and civil) tends to think that their helicopters are different from 
the other group.  While this is true to some extent (e.g., AH-64s and AH-1s), most other military 
helicopters have civilian counterparts.  It is also believed by the civil sector that, because their 
helicopters fly different missions, they crash differently.  It is the opinion of the researchers and 
authors of this report that the crash differences are not as great as believed by the civil sector.  
Whichever opinion is correct, the primary issue is the lack of a clear understanding of the actual 
civil crash scenario, caused by the lack of sufficient data collection to support any conclusion. 
 
The overall intent of crashworthiness integration into a given aircraft design is to save lives.  
Charts, such as those shown in figures 3-1 and 3-2, can quickly put the crash survivability issue 
into perspective.  Enlarging the survivability segment is an obvious goal.  Although the actual 
segment sizes portrayed on the charts are for illustration purposes only, charts such as these need 
to be developed to support the research effort focused toward the saving of lives.   
 
Both the military and the civil sectors have endeavored to design enough crash resistance into 
their respective aircraft to be able to state that their aircraft are capable of protecting occupants 
up to and including the 95th percentile upper-limit survivable accident.  While this statement 
tends to convey a level of protection provided, it does not give any indication of the percentage 
of all accidents that are protected.  The 95th percentile upper limit survivable accident, simply 
put, says that 95% of the survivable accidents are at this severity or less.  It does not indicate 
what percentage of all accidents is survivable.  The percentage of survivable accidents out of all 
accidents depends on the crash resistance of the airframe and the level of protection afforded by 
the seats and restraint systems, as well as the fuel system.  Before they can begin to design 
significant crash-resistant improvements, aircraft designers must think of survivable accidents* 
in terms of human tolerance levels, and not in terms of the number of accidents in which people 
are killed.  This is obviously necessary when designing a new aircraft that has no accident record 
available. 
                                                 
* A survivable accident, as defined by the FAA, the NTSB, and by crash survivability researchers in the field, is an 

accident in which the forces transmitted to the occupant through his seat and restraint system do not exceed the 
limits of human tolerance and in which a safe space around the occupant is maintained throughout the entire crash 
sequence. 
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FIGURE 3-1.  PERCENTAGE OF ALL HELICOPTER CRASHES THAT ARE 
SURVIVABLE AND NONSURVIVABLE 

(Segment sizes are for illustrative purposes only and are not based on actual data) 
 

 
 

FIGURE 3-2.  SEVERITY SCALE OF ALL HELICOPTER CRASHES 
(Segment sizes are for illustrative purposes only and are not based on actual data) 
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Some researchers who have studied accident severity (relative to human survival in elevated G 
environments) have concluded that speed in the vertical direction is the most life threatening 
because, as it is being reduced to zero quickly during most ground impacts, it is transmitting high 
G forces to the occupants.  The researchers and authors of this report agree that vertical forces 
are a major threat, but not at the exclusion of the longitudinal forces.  This is especially true 
when one considers that the longitudinal speeds, which are usually the higher of the two, 
combine with the vertical speeds to form the actual crash forces transmitted to the occupants and 
the fuel systems during the impact and slide out.  Longitudinal speeds usually transmit lower G 
forces to the aircraft occupants because the aircraft takes longer to stop in the longitudinal 
direction. 
 
While this low G environment is favorable from the standpoint of the occupant, it creates two 
additional major fuel system threats. 
 
The first threat results when portions of the aircraft, starting to slow down in the longitudinal 
direction, are brought to an abrupt halt by contacting heavy or unyielding objects, such as 
automobiles, telephone poles, stumps, rocks, etc.  The localized G forces generated by these 
abrupt stops are usually far greater than those transmitted to the occupants in both the 
longitudinal and vertical direction.  If part of the fuel system is located in these areas (e.g., front 
or bottom of the aircraft), it will experience these higher, localized forces.  Therefore, unless the 
entire fuel system is located away from these anticipated impact areas, it must be designed to 
withstand much higher G levels than the occupants.  Thus, overall aircraft velocity change data 
cannot be used directly as criteria for CRFS design.  Any attempt to establish different design 
and/or test criteria for civil versus military CRFS should be based on detailed accident studies 
and extensive testing, not just on differences in overall aircraft velocity changes. 
 
The second threat results when extensive structural displacement occurs during the wreckage 
slide out.  This displacement literally pulls the fuel system apart.  The CRFS designer must factor 
in this displacement by allowing the fuel system to move separately from the structure without 
significant leakage.  Where the displacement is not expected to be large, frangible attachments 
and flexible, extra-length fuel lines might suffice.  In areas of extensive structural displacement, 
the CRFS designer must either (1) move the fuel system out of the area or (2) design in �safe 
failure points� by using self-sealing breakaway valves, etc.  In both cases, the fuel system 
components must also be able to withstand all the crash forces in their locations. 
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4.  STATUS OF CURRENT TECHNOLOGY AND IMPLEMENTATION OF CRFS. 

4.1  CRASH-RESISTANT FUEL SYSTEM DESIGN ISSUES. 

The principal objective of implementing crash-resistant fuel systems in helicopters is to protect 
the occupants of the aircraft from injuries due to postcrash fire.  Properly designed and 
configured crash-resistant fuel systems can (in order of preference):  prevent the onset of a 
postcrash fire by containing all fuel and other flammable liquids; delay the onset or minimize the 
severity of postcrash fire by minimizing spillage or directing it away from potential ignition 
sources; or isolate a postcrash fire from impinging on occupied areas of the airframe long enough 
for occupants to make their way to safety. 
 
The predominant criterion for aircraft designers is the level of severity of a crash that must be 
accommodated by the CRFS.  The traditional approach has attempted to provide a CRFS that 
will survive accidents that have impact velocities that are typical of the 95th percentile 
�survivable� crash.  In addition, the CRFS must safely survive crash environments in which 
extensive structural displacement occurs, such as often occurs during accidents that impact with 
high longitudinal speeds.  As straightforward as the objective appears, it is difficult to achieve in 
practice unless the designer has sufficient knowledge and data available to define the 
approximate crash parameters of survivable accidents in the type of aircraft in question.  In 
addition, advances in other areas of crash survivability, e.g., seats and restraints, which attenuate 
crash forces transmitted to occupants, have allowed occupants to survive in accidents that are 
severe enough to totally destroy the aircraft.  It is, therefore, not unreasonable to expect the 
CRFS to safely contain its contents throughout the entire severe crash sequence.   
 
The CRFS must be designed within the constraints of aircraft performance requirements and 
within the boundaries of numerous rules and regulations.  Standards, regulations, and 
specifications have been established for CRFS design for both civil and military helicopters.  
These standards are discussed in detail in section 5 of this report. 
 
The acceptable crash fire environment must also be defined.  While complete elimination of 
postcrash fire is the surest way to prevent fire injuries, it is sometimes possible to prevent 
injuries even if a postcrash fire occurs by minimizing the size of the fire and isolating it from the 
occupants long enough for them to escape.  The designer can estimate the reduction of the 
postcrash fire hazard of various CRFS modifications by using appropriate hazard analyses and 
risk assessment procedures discussed in section 6 of this report.  
 
Within the framework of all of these considerations, highly successful crash-resistant fuel 
systems have been designed and utilized.  This section of the report summarizes the current 
status of knowledge in CRFS technology and the level of implementation of CRFS in both 
military and civil helicopters.  
 
4.2  GENERAL SYSTEM DESIGN CRITERIA. 

Crashworthy fuel system design must fit within the framework of established fuel system design 
parameters.  These overall criteria may be summarized in the following outline: 
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• Aircraft Performance 
 

− 
− 
− 
− 

− 
− 
− 
− 

− 
− 
− 
− 
− 

− 
− 
− 
− 

Operating Conditions 
Crash Conditions 
Occupant Survivability Level Desired/Possible 
Structural Reaction to Crash 
 

• Overall Fuel System Design 
 

Performance 
Simplicity 
Reliability 
Location 
 

• Individual Component Design 
 

Location 
Performance (operational and crash resistant) 
Materials 
Reliability 
Maintenance 
 

• Design Aids 
 

Standards 
Checklists 
Hazard Analyses 
Handbooks and Guides 

 
4.2.1  Aircraft Performance. 

The primary factor to be considered in fuel system design is the performance required of the 
aircraft.  The system must be designed to allow the aircraft to accomplish its design goals and to 
operate successfully during all required operational modes of the aircraft.  This principal must be 
followed in successful CRFS design as well.  However, the CRFS also must be designed to 
perform its intended function of preventing or minimizing dangerous spillage and resulting fire 
following a crash.  To that end, the criteria listed in italics above pertain specifically to crash-
resistant design and generally have not been included previously in standard fuel system design 
criteria. 
 
The common parameters of crash conditions for the type of aircraft in question must be defined 
and quantified in order to determine the level of performance expected for the CRFS.  For 
example, helicopters tend to crash with higher vertical-to-longitudinal velocity ratios than do 
fixed-wing aircraft.  Expected crash velocities must be obtained from accident data gathered for 
the aircraft in question or extrapolated from crash data on similar specific aircraft models.  The 
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occupant survivability level in these crashes must be ascertained.  The survivability criteria for 
helicopter crashes has been defined in terms of crash loads transmitted to properly restrained 
occupants and to the preservation of occupiable space around the occupant, irrespective of 
whether the occupants did or did not survive [44].  This is possible because the occupiable area 
and overall aircraft structure experience a similar crash pulse due to the relatively small size of a 
helicopter. Once this data is obtained it is integrated with the level of occupant survivability 
desired. 
 
Before the CRFS can be designed, the aircraft structural response to these anticipated crash 
conditions must be determined.  Crash data can be helpful in determining structural response of 
similar designs.  Design analyses and computer studies should also be utilized to determine 
anticipated failure modes and locations of structural deformation during crashes.  This 
information is essential in determining CRFS component locations and performance 
requirements. 
 
4.2.2  Overall Fuel System Design. 

The fuel system as an integrated system must be designed to function under all foreseeable 
environmental and operational conditions that might be encountered during the life cycle of the 
aircraft.  The CRFS must perform its function within the desired survivable crash envelope as a 
whole system and not simply a collection of individual components.  Whatever conditions are 
imposed upon a component and its reaction to those conditions could well compromise the 
integrity of an adjacent component (e.g., if a fuel line is trapped in deforming and separating 
structure, the forces transmitted through the line might pull the hose out of the hose end fitting, 
break the hose end fitting, or break the component that is attached to the hose end fitting, 
allowing fuel leakage even if the integrity of the hose itself is maintained). 
 
The location of the fuel system and its components is constrained by the configuration and 
performance requirements of the aircraft.  However, the CRFS fuel system location must be 
incorporated into the aircraft very early in the design process so that the fuel system and its 
components are protected from crash damage to the maximum extent possible.  
 
The design philosophy for the CRFS must, by necessity, follow two paths.  One defines the 
probable or anticipated fuel spillage methods that will occur at the crash severity level selected, 
while the other evaluates the relative crash-resistant features of the specific items making up the 
CRFS.  As an example, if a fuel filter assembly does not incorporate a high level of 
crashworthiness in its design, it could still function safely in a crash if it were mounted in an area 
that was deemed to remain �safe� during the upper-limit survivable accident.  However, if the 
component must be located in an area where extensive crash damage is likely, the component 
must incorporate crash safety features inherent in its design. 
 
The design of the fuel system should be kept as simple as possible commensurate with its design 
objectives.  Simplicity generally leads to increased reliability and ease of maintenance.  There is 
an added benefit for the CRFS system�simplicity generally reduces the number of possible 
failure points during a crash. 
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4.2.3  Individual Component Design. 

Fuel system components are routinely designed to be structurally sound during all normal flight 
and service loads.  These components, with no modification, could be used to create a CRFS that 
would function as desired in the selected upper level survivable accident.  To do so, however, 
could require that the airframe behave in a specific manner regardless of the crash environment.  
Further, it is probable that structural enhancement and reinforcement would be required in areas 
where the noncrashworthy components were located.  While such a CRFS could be built, the 
weight and other design considerations, i.e., component location and fuel line routing, render the 
approach less than desirable. 
 
A great deal of information has been written about the design of crashworthy fuel system 
components.  The Aircraft Crash-Survival Design Guide is the most comprehensive and most 
current source of this material [45] and should be the designers� principal reference for design 
guidance.  There are several key components of the CRFS, however, that are worthy of 
additional discussion.  They are the fuel tanks and its fittings, the self-sealing breakaway valve, 
the fuel lines and their fittings, vent valves, drain valves and spillage control valves.  If the reader 
wishes to obtain more detailed information regarding these components, the reader should refer 
to the Aircraft Crash-Survival Guide that has been the basis for the following discussion [45]. 
 
4.2.4  Tanks and Fittings. 

Helicopters flying today carry their fuel in a variety of different type tanks.  Some are merely 
open areas within the fuselage, sealed with a coating to prevent seepage.  Others utilize bladders 
with varying degrees of crashworthiness.  Others use metal cans, while still others use containers 
that are cast of various synthetic materials, some even appearing as large plastic bottles. 
 
The ideal fuel system is one that completely contains its contents both during and after an 
accident of such severity as to be at or slightly above the upper limit of human survivability.  The 
fuel must be contained no matter how the basic structure fails and regardless of the magnitude of 
the displacements of the fuel system components relative to the aircraft structure.  Similarly, all 
possible crushing loads, penetrative loads, and inertia loads must be carried without leakage.  
The �fuel containment concept� today involves, as a prime element, the use of flexible, high 
strength, cut-resistant and tear-resistant fuel bladders built with construction materials and 
fittings that improve the ability of a fuel system to contain fuel under survivable impact 
conditions.  Although this ideal fuel system is, at times, difficult to achieve, the accident history 
over the past 25 years clearly demonstrates that it can be done. 
 
While the researchers and developers of the 1950s would undoubtedly embrace the definition of 
the ideal fuel system, and while they would applaud today�s application of the fuel containment 
concept, their own efforts were generally unsuccessful.  Their early work [12 and 13] ultimately 
resulted in the issuance of MIL-T-27422 and MIL-T-27422A, but exhaustive testing of the 
requirements contained in those specifications was not undertaken until the AvSER research of 
the 1960s. 
 
The testing of the crash-resistant fuel tanks, developed in accordance with MIL-T-27422A, 
revealed at least three major shortcomings.  The first was the underestimation of the vertical, 
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longitudinal, and lateral loads being applied to the fuel system in severe but survivable accidents.  
Since many helicopter fuel tanks are located low in the structure and/or very near the airframe 
outer surfaces, they are subject to severe loads.  Additional loads can be added to the tanks by the 
close proximity of passengers, cargo, and, in some cases, transmission or engine units. 
 
The second shortcoming was the failure to consider the fuel tank fitting pull-out problem and the 
puncture and tear-resistance properties of the fuel tank that are needed to prevent penetration by 
the jagged metal and broken spear-shaped components of the failing structure.  When puncture 
coincides with the high-pressure loading of the tank during the crash sequence, the tearing of the 
fuel tank wall progresses rapidly away from the wound.  Although the early CAA work 
recognized the potential danger from puncture and tear, no attempt was made to establish a 
material requirement in MIL-T-27422A for this phenomenon, for the problem related to tank 
wall strength relative to the metal fitting sizes or shapes, or for the fitting locations in the fuel 
bladder. 
 
The third shortcoming was the failure to recognize that fuel system components, including the 
tanks, are often subjected to aircraft structure that is being torn apart and displaced a 
considerable distance.  Requirements for tank design that would allow for safe separation from 
the displacing structures were not even considered. 
 
With the demonstration of improved materials in the crash testing conducted during the 1960s 
[46], and with the development of new tests for measuring fuel bladder crash-resistant properties, 
MIL-T-27422A was completely revised.  In addition to the standard qualification tests of 
noncrashworthy fuel tanks, as specified in MIL-T-6396 (bladder tanks) and MIL-T-4478 (self-
sealing tanks), a draft of MIL-T-27422B [47] was issued containing a battery of new 
requirements related to crash-resistant fuel bladder testing.  These new requirements included a 
series of tear-resistance tests, followed by tank drop tests.  Both test series are noteworthy. 
 
• Tear Tests.  During the extensive research test activities of the 1960s and 1970s, as well 

as during the concurrent detailed crashworthiness fuel system investigations of aircraft 
crashes, it became readily apparent that the level of bladder material tear resistance was a 
key factor in preventing dangerous fuel spillage.  In many crashes, metal fittings integral 
to the bladders would remain attached to the displacing airframe structure, tearing out of 
the bladder walls, and would thereby release large quantities of fuel.  In addition, bladder 
punctures that frequently occurred would continue to tear the bladder, especially during 
the fluid pressure build-up phase of the crash impact.  These tears also allowed large 
quantities of fuel to escape.  The need to safely retain the metal fittings in the bladder and 
the need to find a satisfactory solution to the puncture-tear propagation problem were key 
concerns in establishing the tear-resistance requirement.  After almost 10 years of testing, 
400 ft-lbs of energy were determined by the authors of MIL-T-27422B to be the 
appropriate constant-rate tear requirement for small- to medium-sized airplanes and 
helicopters with fuel tank quantities of up to 1,000 gallons.  The research team concluded 
that additional research in all aspects of fuel tank crash resistance should be conducted 
before tanks with capacities exceeding 1,000 gallons were used, or before such tanks 
were installed in thicker skinned airliner sized aircraft. 
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• Fuel Tank Crash Impact Test.  A 65-foot free-fall drop test was established by the 
researchers and authors of MIL-T-27422B after almost 10 years of test activity, including 
hundreds of actual tests.  The 65-foot height was identified as the minimum drop test 
height that would verify the load-carrying capability of an unsupported bladder with all 
of the bladder metal fittings installed, and that would verify bladder seam continuity and 
strength, particularly in the bladder sidewalls.  These are key issues that are brought into 
play when the bladders are required to bridge gaps appearing in the airframe due to 
structural displacement associated with an upper-limit survivable accident and/or when 
the bladders are also being compressed by strong, heavy, and often sharp structures. 
 
Bladders constructed of highly extendable materials, but low in cut- and tear-resistance, 
have been able to easily pass 65-foot drop tests; however, if the bladders contact a sharp 
edge or a penetrative object while being distended at impact, massive fuel spills will 
occur.  The failure is analogous to sticking a pin in an inflated balloon.  Bladders must 
also possess a high degree of cut-and tear-resistance to safely survive the upper-level 
survivable accident. 
 
Because the 65-foot drop test height was determined to be the minimum height required 
to verify necessary bladder strength, no margin of safety was built into the height of the 
drop test.  Instead, a margin of safety was obtained by specifying that the tank be filled to 
100% of capacity with water.  Because the weight of water is approximately 25% greater 
than the weight of fuel, a margin of safety is achieved.  In many applications, this margin 
of safety for a critical item might appear to be low, but given the track record the CRFS 
has established during the last 25 years, the margin of safety appears to have been 
appropriate. 
 
It is interesting to note that shortly after the 65-foot crash, impact test height was 
established as a result of the extensive military research program, units of measurement 
defining a reasonable upper-level survivable accident were emerging in the form of 
velocity changes occurring during the crash in three directions�vertical, longitudinal, 
and lateral.  The resultant speed, the speed and direction actually traveled by the 
occupants, when all three speeds were combined, often exceeded 75 ft/sec.  However, 
further study of the data indicated that the frequency of occurrence of the higher-velocity 
accidents was quite remote.  Consequently, a resultant speed for the upper-level 
survivable military accident has been focused in the 65 ft/sec range. 
 
If the same exhaustive research that gave rise to the original 65-foot drop test height were 
undertaken today, the drop test height might be increased.  The military helicopters of 
today are clearly more crashworthy than were their predecessors.  Seat technology has 
been greatly improved, airbag programs are being implemented, in some cases survivable 
space is being enhanced, and other safety features are continually being added.  As a 
result, occupants are surviving more severe crashes today than ever before.  In fact, many 
helicopters crash onto soft ground containing rocks, stumps, and trees at higher 
longitudinal velocities than the 100 ft/sec (68 mph) speed referenced in MIL-STD-
1290A, and those crashes are still being considered survivable.  An indication that the 
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current fuel systems are not overdesigned is that postcrash fires are still occurring in 
crashes that are only slightly above the upper-limit survivable accident. 
 

4.2.5  Self-Sealing Breakaway Valves. 

Fuel and oil is moved from one location to another within the helicopter airframe through 
flexible and/or rigid hoses or tubes.  During accidents, where structural displacement is great 
enough, these fluid carrying lines are often pulled beyond their stretching capability, causing 
them to separate and spill readily ignitable fluid.  Spillages due to this type of plumbing failure 
can be greatly reduced by the use of self-sealing breakaway valves. 
 
Self-sealing breakaway valves are valves designed to separate into two or more sections and seal 
the open ends of designated fluid-carrying passages.  The openings may be in fuel/oil lines, 
tanks, pumps, fittings, etc.  The valves fall into two general categories:  the �frangible� type, 
which incorporate a portion that breaks apart, allowing valve closure and separation (figure 4-1) 
and the quick-disconnect type, which is installed so that it will be disconnected during the crash 
sequence (figure 4-2).  Some valves in use today have both these features incorporated into their 
design.  Each fuel system design will dictate which of the two types of valves can or should be 
used.  In either case, the valves must be installed in a manner that precludes inadvertent 
operation. 
 

 
 

FIGURE 4-1.  FRANGIBLE TYPE SELF-SEALING BREAKAWAY VALVE 
(These type valves are closed and separated by displacement of one of the valve halves.) 

 
 

 
 

FIGURE 4-2.  QUICK DISCONNECT VALVE INSTALLED TO OPERATE A SELF-
SEALING BREAKAWAY VALVE
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The forces that are usually applied to self-sealing breakaway valves to cause separation and 
closure are transmitted by a pulling movement of the flexible fluid-carrying hose.  As the hose 
stretches, a force is transmitted to the valve.  If the force is great enough, a component finally 
fails.  Hopefully, it is the valve.  Unfortunately, however, sometimes it is the other end of the 
hose or a hose end fitting.  Care should be taken to ensure that the weak link in each load-
producing system is the frangible section of the self-sealing breakaway valve and not some other 
link in the chain. 
 
There are design situations where, for one reason or another, a load path other than the hose must 
be used.  Cable lanyards are an acceptable alternative load path technique, and they are used 
today in some aircraft installations (figure 4-3).  If lanyards are used to transmit the force to 
cause a valve to fracture and separate, they should be capable of carrying at least twice the 
amount of load it takes to fracture the valve.  If they are used to move a release ring, such as on a 
quick-disconnect valve (figure 4-4), they should be at least twice as strong as the force required 
to move the ring.  As a general rule, the force required to move a quick-disconnect release ring is 
considerably less than the force required to fracture the frangible section of a self-sealing 
breakaway valve; consequently, a lighter-weight overall system can result. 
 
Self-sealing breakaway valves should be located at each fuel-carrying tank outlet and at locations 
within the fuel line network where extensive displacement is foreseeable, such as tanks mounted 
external to the fuselage, or in engine compartments.  The purpose of these valves is to prevent 
rupture of the tank, hoses, or fitting components by placing a �safety fuse� in the load path. 
 
A self-sealing breakaway valve (figure 4-5) should be used to connect two fuel tanks in a direct 
side-by-side arrangement if there is a reasonable probability that structure failure or displacement 
will occur in the immediate area of the tanks. 
 
Tank-to-line interconnect valves should be recessed sufficiently into the tank so that the tank half 
is flush with the tank wall or protrudes only a minimal distance beyond the tank wall after 
separation.  This feature reduces the tendency of the valve to snag on adjacent structures during 
the crash sequence. 
 
The frangible interconnecting member of each of these valves should be sufficiently strong to 
meet all operational and service loads of the aircraft within a reasonable margin, but should 
separate at 25 to 50 percent of the minimum failure load for the weakest component in the fluid-
carrying line.  Subsection 29.952(c)(1) of AC 29-2B explains in detail how these loads are 
derived and calculated. 
 
Each valve application should be analyzed to assure that the probable separation load will be 
exerted in a direction and manner to which the valve is best suited.  These loads, whether 
tension, shear, compression, or combinations thereof, are obtained by analyzing the aircraft for 
probable impact force and direction and by determining the consequent structural deformation 
around the valve. 
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FIGURE 4-3.  CABLE LANYARD USED TO TRANSMIT THE HIGH LOAD REQUIRED 
TO SEPARATE A TYPICAL SELF-SEALING BREAKAWAY VALVE 

 
 

 
 

FIGURE 4-4.  CABLE LANYARD USED TO TRANSMIT LOAD TO PULL RELEASE 
RING THAT UNCOUPLES QUICK-DISCONNECT VALVE 
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FIGURE 4-5.  SELF-SEALING BREAKAWAY VALVE USED AS A TANK-TO-TANK 
INTERCONNECT 

 
Self-sealing breakaway valve designs should not allow dangerous spillage during or after valve 
separation.  The valve should permit no external leakage when partially separated.  For this 
reason, valves with a very short triggering stroke are superior to those with a long stroke. 
 
Operational pressures are dependent on specific applications, but the valve designs can take 
advantage of the available line pressure to assist in keeping the self-sealing mechanism closed.  
As in all valve designs, light weight and minimal pressure drop are major design objectives, but 
the resistance of the valve to direct impact or to high compressive loads should not be sacrificed 
for the sake of weight reduction. 
 
4.2.6  Fuel Lines. 

Damaged fuel lines frequently cause spillage in aircraft accidents.  Lines often are cut by 
surrounding structure or worn through by chaffing rough surfaces.  The use of flexible rubber 
hose armored with a steel-braided harness is strongly suggested in areas of anticipated dragging 
or structural impingement.  In systems where breakaway valves are not provided, these 
stretchable hoses should be 20 to 30 percent longer, before stretching, than the minimum 
required hose lengths.  This will allow the hose to shift and displace with collapsing structure 
rather than be forced to carry high tensile loads.  For this reason, it is equally important that 
couplings and fittings be used sparingly because of their propensity to snag and restrict the 
natural ability of the hose to shift. 
 
All fittings used in the fuel system should meet specific strength requirements when tested in the 
designated modes.  The loads are always applied through the hose with freedom allowed for the 
hose to form the bend radius.  Thus, the effective moment arm for the bending test changes 
primarily with the line size and secondarily as the applied load produces changes in the bend 
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radius.  This test procedure is much easier to mechanize than one requiring a constant moment 
arm and is typical of what happens in an actual accident. 
 
All fuel lines should be secured with breakaway (frangible) attachment clips in areas where 
structural deformation is anticipated.  When fuel lines pass through areas where extensive 
displacement or complete separation is anticipated, self-sealing breakaway valves should be 
used.  
 
In designing a system using line-to-line breakaway valves, one should consider potential hazards 
of cross-axis shear loading on the valve halves.  While omnidirectional separation is not an 
absolute requisite for most line-to-line valves, it is highly desirable, and every attempt should be 
made to procure omnidirectional valves if there is any possibility of cross-axis shear loading. 
 
Fuel lines are often used as the means of applying the loads necessary to cause self-sealing 
breakaway valves to close and separate.  While hose and end fitting strengths are discussed in 
this report and in AC29-2B (appendix B), it must be remembered that, in order for a valve to be 
pulled apart at a predetermined load value, the structure supporting the opposite end of the hose-
to-valve connection also must be capable of carrying the load.  This includes bulkhead fittings 
and fittings terminating in components such as engine fuel controls, filters, pumps, etc.  Failure 
to recognize and design around these often overlooked weak links in the fuel plumbing system 
and can negate the overall crash-resistant design effort. 
 
Fuel line routing should be carefully considered during the design stage.  Fuel lines should be 
routed along the heavier structural members, since those members are less likely to deform or 
separate in an accident.  Avoid placing fuel lines that will normally be carrying fuel, if a crash 
should occur, in areas of anticipated impact damage, such as adjacent to the lower external skin.  
Evacuated fuel lines can be considered possible exceptions to this rule.  Also, it is important that 
hoses have a space into which they can deform when necessary.  For example, when hoses pass 
through large flat-plate areas, such as bulkheads or firewalls, the hole allowing line passage 
should be considerably larger than the outside diameter of the line.  Hose stabilization as well as 
liquid-tight, fire-tight seals still can be maintained if frangible paneling or baffles are used. 
 
If design requirements limit the use of the protective measures discussed above, full use should 
be made of self-sealing breakaway couplings located in areas of anticipated failures and 
structural displacements.  Crossover connections, drains, and outlet lines present a special 
problem since they are usually located in the lower regions of the tank where they are vulnerable 
to impact damage.  Space and flexibility should be provided at the connections to allow room for 
the lines to shift with collapsing structure.  Utmost consideration should be given to using self-
sealing breakaway fittings at each line-to-tank attachment point. 
 
4.2.7  Vent Valves. 

Helicopter vent systems become involved in the crash-fire episode when the aircraft remains 
upright and the fuel tank is compressed, the aircraft rolls far enough to one side to allow fuel to 
drain out of the vent lines and/or when the vent lines fail. 
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Vent line failure often occurs at the point of exit from the tank.  Failure at this point can be 
reduced by using short, high-strength fittings between the metal insert in the tank and the vent 
line.  The vent line should be made of wire-covered flexible hose and should be routed in such a 
manner that it will not obviously become snagged in a displacing structure and torn from the 
tank.  Self-sealing breakaway valves also can be placed at the tank-to-line attachment area.  This 
approach becomes mandatory if there is danger of the tank being torn free of the supporting 
structure. 
 
Vent lines can be routed inside the fuel tank in such a manner that, if rollover occurs, spillage 
cannot continue.  This can be accomplished with siphon breaks and/or U-shaped traps in the line 
routing. 
 
Many fuel systems are ideally suited for the integration of rollover float/vent valves inside the 
fuel tank.  These valves are designed to operate in any attitude and to allow a free flow of air 
while prohibiting the flow of fuel.  They are particularly advantageous during rollover accidents 
and can be used in lieu of flexible lines, breakaway valves, and all other alternate considerations.  
One current type of vent valve is illustrated in figure 4-6. 
 

 
 

FIGURE 4-6.  ROLLOVER VENT VALVE PASSES AIR BUT CLOSES IN 
ANY ATTITUDE WHEN FUEL TRIES TO ESCAPE 
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If the fuel system is to be pressure refueled, it should be noted that a large bypass system for tank 
overpressurization should be considered.  This capability can be built into the vent valve or can 
be incorporated in a separate unit.  Large spring-loaded pressure-relief valves are in current use 
today.  Rollover protection is provided by the spring valve, but tank overpressurization due to 
tank compression causes fuel to be expelled at the vent outlet.  In either case, however, care must 
be taken to ensure that spillage resulting from overpressurization due to tank compression during 
a crash is released away from aircraft occupants and ignition sources. 
 
4.2.8  Drain Valves. 

Sump drains are a frequent source of fuel spillage because their design dictates that they be 
located at the lowest point in the tank, in close proximity to the most probable impact area.  
Figure 4-7 illustrates some design concepts that permit sump drainage without the drain 
protruding beyond the face of the tank. 
 

 
 

FIGURE 4-7.  SUMP DRAIN VALVE DESIGNED TO RESIST OPENING OR 
DAMAGE DURING CRASH IMPACT 

 
4.2.9  Spillage Control Valve. 

During the 1980s, two different valves were designed, developed, tested, and the FAA certified 
them for use on light aircraft [48].  These valves, installed in the main engine fuel line before it 
enters the engine compartment, were designed to stop the flow of fuel to the engine area when 
the engine is not running, as in a crash.  Normally, when a fuel or oil line is broken, fluid will 
drain out.  If this drainage is in the engine area, ignition by the hot surfaces or other sources is 
likely.  The use of breakaway self-sealing valves of either the frangible or quick-disconnect type 
can stop the spillage flow, but they require displacement and resistive forces to be triggered or 
operated.  In many small aircraft, the structure is simply not strong enough to allow the creation 
of forces great enough to operate the breakaway valves.  The structure can be locally reinforced, 
cable lanyards can be used, or both if necessary; however, the reinforced approach depicted in 
figure 4-8 uses neither. 
 
The spillage control valve assembly shown in figure 4-8 consists of a valve body assembly, pilot-
pressure-operated check valve components, a manual by-pass plunger, a manual by-pass control 
cable assembly, and associated seals and O-rings.  When the aircraft engine is operating under 
normal conditions, fuel is drawn from the fuel tanks through fuel lines to the spillage control 
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valve.  Fuel enters the spillage control valve assembly, passes through the internal valve 
components and exits, passing on to the airframe-mounted fuel filter and on to the engine-driven 
fuel pump. 
 

 
 

FIGURE 4-8.  SPILLAGE CONTROL VALVE DESIGNED TO STOP FUEL FLOW IF 
ENGINE QUITS OR IF DOWNSTREAM FUEL LINES SEPARATE 

 
When the aircraft engine is operating under normal conditions, pilot pressure holds the valve 
open.  Statically, when the aircraft is not operating and the engine start-fuel boost pump is off, 
fuel is prevented from flowing past the engine firewall by the spillage control valve assembly.  In 
the static condition, no fuel pressure (pilot pressure) is available to the spillage control valve 
assembly so the valve remains closed. 
 
The FAA certified spillage control valves require more than twice the head pressure produced by 
full fuel tanks, located as high above the valve as is probable in an accident, to open the poppet. 
 
Under conditions in which sudden engine stoppage is encountered i.e., blade strike, fuel system 
line failure, or foreign object ingestion, the spillage control valve assembly reacts to the loss of 
pilot pressure and stops fuel flow.  The condition of sudden engine stoppage is identical to the 
static condition of the system. 
 
Normal starting and engine operation on aircraft equipped with the spillage control valve is in 
accordance with the normal aircraft procedure, with the exception that the manual bypass lever 
of the spillage control valve must be actuated prior to turning on the start-fuel boost pump.  After 
engine start-up, the manual bypass lever is returned to the normal position. 
 
In-flight restart of the engine is also in accordance with the recommended normal aircraft 
procedure, except that the manual bypass lever must be activated prior to turning on the start-fuel 
boost pump.  Subsequent to a successful engine restart, the manual bypass lever is returned to the 
normal position. 
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The valve is designed so that failure of pilot-fuel pressure to reach the valve, i.e., pilot-pressure 
line breakage, will not cause engine stoppage.  The valve is sized so that the engine-driven fuel 
pump can pull enough fuel through the spillage control valve to obtain the maximum, as well as 
idle, engine power.  Operating with the valve in this mode is similar to operating in the bypass 
mode of a filter or similar type component.  Should the pilot-pressure fuel line break (rupture), 
the resulting spillage can be prevented or held to a minimum by incorporating a self-sealing 
breakaway valve, a flow restricting orifice, or both. 
 
4.3  ASSESSMENT OF CURRENT STATUS OF CRFS DESIGN. 

The current status of CRFS design can be assessed from three different aspects:  (1) the 
importance a particular item has in the overall system; (2) the technical knowledge available for 
the design of crash-resistant fuel systems and components; and (3) the level of implementation in 
current systems.  The authors have attempted to make this assessment, albeit arbitrarily, from 
their perspective of each having over 35 years of experience developing CRFS technology.  
Their assessments are contained in table 4-1, which addresses specific CRFS components, and in 
table 4-2, which addresses the correlative factors. 
 
Both tables list specific components and/or factors that must be considered in CRFS design.  
Each of these items is evaluated with respect to (1) how critical this particular factor is in CRFS 
design, (2) how much knowledge relating to CRFS design is known about the factor, and (3) how 
much this knowledge has been implemented in actual CRFS designs.  
 
Each factor is rated in all three areas on a scale from 1 to 5, with 1 being the worst or lowest 
level and 5 being the best or most important.  For instance, a 5 in column A of both tables 
signifies that this component or factor is of primary importance in CRFS design, while a 1 means 
that the component or factor should be considered but does not take precedence over other 
considerations in CRFS design.  A 5 in column B of table 4-1 means that the knowledge to 
design a particular crash-resistant component is extensive and complete, or, in column C, that 
this particular component is being extensively used in current CRFS designs.  Likewise, a rating 
of 1 in column B of table 4-2 means that very little is known about the factor or that the 
knowledge is unsatisfactory for CRFS design.  A 1 in column C of table 4-2 indicates that this 
factor is not being used effectively to any extent in CRFS design.  In many instances, there is a 
significant difference in the assessment of a factor involved in CRFS design for military and for 
civil helicopters.  In this instance, the ratings for both the civil and military designs are given.  
The civil rating is listed first, followed by the military rating (e.g., 2/5 means that the civil sector 
received a rating of 2 while the military sector received a rating of 5). 
 
Tables 4-1 and 4-2 provide a general idea of areas where future research is most necessary and 
where implementation of CRFS is most lacking.  To use the tables for prioritizing or selecting 
research and/or design projects, the level of importance should be of the highest order (e.g., a 
rating of 5 in column A).  Then, for whichever major component or factor is selected, the lowest 
number under column B indicates where more research is needed.  The lowest number in column 
C signifies the lowest implementation or application of the factor.  A low number here indicates 
a need for design and/or implementation of a CRFS component (table 4-1) or better utilization of 
available knowledge in CRFS design (table 4-2). 
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TABLE 4-1.  CRASH-RESISTANT FUEL SYSTEM COMPONENTS 

Component A B C 
1.1 Tanks 5  C M 

Bladders 
Integral 
Other  

 
5 
2 
2 

3 
1 
1 

5 
2 
1 

1.2 Fuel Lines 5  C M 
Flexible 
Rigid 

 
4 
4 

3 
3 

5 
4 

1.3 Valves 4  C M 
Tank selector 
ON/OFF 
Single point pressure refueling 
Check 
Drain 
Vent 

 

4 
4 
4 
5 
5 
5 

2 
2 
2 
3 
3 
1 

4 
4 
5 
5 
5 
5 

1.4 Couplings 5  C M 
Self-sealing (quick disconnect) 
Self-sealing, breakaway (quick disconnect) 
Self-sealing, breakaway (frangible) 
AN/MS plumbing 
Nipples 

 

5 
4 
5 
4 
2 

2 
1 
3 
3 
1 

5 
5 
5 
5 
1 

1.5 Miscellaneous Components 5  C M 
Pumps 
Filler openings 
Filler caps 
Filters 
Frangible fasteners 
Fuel quantity sensor 

 

4 
5 
5 
3 
5 
5 

3 
3 
3 
3 
3 
3 

5 
5 
5 
3 
4 
4 

 
A = Level of crash resistance importance 
B = Level of crash resistance knowledge available for component integration 
C = Level of crash resistance knowledge integrated into component design 
 
C = Civil 5 =  Best/highest 
M = Military 1 =  Worst/lowest 
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TABLE 4-2.  FACTORS AFFECTING CIVIL CRFS DESIGN 

FACTOR A B C 
  C M C M 
1.1 Level of Crash Severity Desired 5     
 Human tolerance 
 Load attenuation 

 
5 
3 

5 
5 

4 
3 

4 
4 

1.2 Crash Environment at the Severity Level  
Selected 5     

 Impact velocities 
 Impact attitudes 
 Anticipated structural deformation 

 
2 
2 
3 

4 
4 
5 

2 
2 
3 

5 
5 
5 

1.3 Fuel System Behavior 5     
Probable fuel spillages 
Probable ignition sources 

 
3 
3 

5 
5 

2 
3 

5 
5 

1.4 Fuel Characteristics 4     
Typical liquid fuels 
Modified fuels 

 
4 
2 

4 
2 

4 
1 

4 
1 

1.5 Standards 4     
FARs 
SAE/DOD 
Design guides 
Advisory circulars 

 

4 
3 
3 
4 

N/A 
3 
5 

N/A 

5 
4 
3 
5 

N/A 
5 
4 

N/A 
1.6 Quality and Quantity of Accident Data 5     

Investigator competence 
Investigator training 
Data storage 
Data retrieval 
Feedback 

 

2 
2 
1 
1 
1 

4 
4 
4 
5 
5 

2 
2 
2 
2 
2 

5 
5 
5 
5 
5 

 
A = Level of crash resistance importance 
B = Level of knowledge related to crash resistance issues 
C = Level of knowledge being applied 
 
C = Civil 5 =  Best/highest 
M = Military 1 =  Worst/lowest 

 
In examining table 4-1, several general trends are apparent.  Perhaps the most noticeable is that 
all but one of the general component areas have the highest level of importance (5 in column A).  
This reflects the fact that a CRFS must work as a complete system.  It is only as effective as its 
weakest link.  Also apparent, with only a few exceptions, is that the basic knowledge for CRFS 
component design and implementation in rotary-wing aircraft is well advanced. 
 
Column C in table 4-1 has been divided into separate ratings for the civil and military sectors.  
This was necessary because of the much lower implementation of CRFS components in the civil 
sector.  The lower ratings in column C indicate which components must be improved or better 
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utilized in civil CRFS.  Some components can be made more crash resistant by making them 
sturdier or redesigning them.  The latter is usually better, especially if weight is a concern.  In the 
case of the fuel tanks, bladders have been chosen for crash resistance because the knowledge to 
make integral and other tanks crash resistant has not been developed. 
 
In table 4-2 the level of knowledge (column B), as well as utilization of that knowledge (column 
C), has been divided into separate ratings for the civil and military factors.  This is because the 
knowledge of the actual crash environment of civil helicopters is not nearly as complete as for 
military helicopters.  Much of this discrepancy is due to the lack of adequate accident 
investigation procedures and accident data storage and retrieval in the civil sector.  This issue has 
been discussed at length in section 3 of this report. 
 
The predominant criterion for manufacturers and designers is the level of crash severity that must 
be accommodated by the CRFS.  Since the principal objective of the CRFS is to protect the 
aircraft occupants from fire in accidents that approach the limits of survivability due to impact 
forces, the crash environment must be well understood in order to establish the severity level for 
CRFS design.  Although civil helicopter manufacturers could adopt the well-defined severity 
levels based on military accident data, they have chosen, instead, to rely on the inadequate data 
available in the civil sector.  Thus, the level of knowledge being applied in the civil sector 
(column C, table 4-2) must also be rated considerably lower than for the military sector. 
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5.  CURRENT CRFS STANDARDS (MILITARY AND CIVIL). 

5.1  OVERALL SYSTEM. 

Current helicopter crashworthiness standards have evolved from U.S. Army-sponsored studies 
that began in 1960.  The Aviation Safety Engineering and Research Division of the Flight Safety 
Foundation studied specific relationships among crash forces, structural failure, postcrash fires, 
and occupant injuries.  By 1965, sufficient data had been generated to support consolidation into 
a summary of the then-current state-of-the-art crash survival design techniques which were 
published in the first issuance of the U.S. Army�s Crash-Survival Design Guide (CSDG), TR 67-
22, published in 1967 [21]. 
 
5.2  MILITARY STANDARDS AND SPECIFICATIONS. 

5.2.1  MIL-STD-1290 (series):  Light Fixed- and Rotary-Wing Aircraft Crash Resistance. 

The third edition (1971) of the CSDG, TR-71-22, formed the basis for the original (1974) 
version of the U.S. Army-sponsored military standard for �Light Fixed- and Rotary-Wing 
Aircraft Crash Resistance,� Military Standard 1290 [25]. 
 
§5.5 of MIL-STD-1290:  �Postcrash Fire Protection,� established detailed standards for: 

 
a. Fuel containment 
 
b. Fuel tank design criteria, including fittings and interconnections for both main and 

extended range tanks 
 
(1) Fuel lines 
(2) Frangible attachments 
(3) Self-sealing breakaway couplings and valves 

 
c. Separation of fuel and ignition sources 
 
d. Separation of flammable fluids from occupiable areas 
 
e. Barriers 

 
§5.5.2 contains detailed design requirements for minimizing susceptibility to postcrash fires from 
all flammable fluids. 
 
Appendix A, §10, includes test methods for determining qualifications of fuel system 
components. 
 
The original MIL-STD-1290 (January 25, 1974) was superseded by MIL-STD-1290A on 
September 26, 1988, which in turn was cancelled by the Department of Defense in December 
1995.  There is currently no superseding documented standard.  Nevertheless, the criteria 
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established by MIL-STD-1290A are acknowledged to be the current state-of-the-art of helicopter 
crashworthiness. 
 
5.2.2  ADS-11 (series):  Survivability Program, Rotary Wing. 

The current version, ADS-11B, was issued in May 1987, superseding ADS-11A, which was 
issued in April 1976.  ADS-11B is currently in effect [49]. 
 
§5.3, �Crashworthiness,� establishes the criteria for designers to address, as a minimum, 
structural crashworthiness, crew and troop retention, injurious environment, postcrash fire 
potential, and evacuation.   
 
§5.3.1 requires that contractors define their design concepts for achieving the levels of 
crashworthiness specified in the System Specification.  It expects descriptions of features, 
analyses and estimates for effectiveness of each of the components and subsystems listed in 
appendix I to the standard.  Appropriate crashworthiness tests are specified in Aeronautical 
Design Standard ADS-36:  �Rotary Wing Aircraft Crash Resistance.� 
 
Appendix I to ADS-11B sets out specific criteria for evaluating aircraft crash survivability.  
Postcrash fire potential rating areas include: 
 

a. Spillage Control 
 

(1) Fuel containment 
(2) Oil and hydraulic fluid containment 
(3) Flammable fluid lines 
(4) Firewall 
(5) Fuel flow interruptors 
 

b. Ignition Control 
 

(1) Induction and exhaust flame location 
(2) Location of hot metals and shielding 
(3) Engine location and tiedown strength 
(4) Battery location and tiedown strength 
(5) Electrical wire routing 
(6) Boost pump location and tiedown strength 
(7) Inverter location and tiedown strength 
(8) Generator location and tiedown strength 
(9) Lights location and tiedown strength 
(10) Antenna locations and tiedown strength 

 
¶10.2.a. is significant in that it specifies a total systems approach to assigning evaluation ratings; 
e.g., �...specific shortcomings in ignition control...need not be partially or totally penalized if 
spillage control is substantiated....� 
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¶10.2.b. establishes even more stringent requirements that: �the evaluation will be conducted 
against the optimum crashworthiness criteria stated herein in lieu of RFP and/or System 
Specification requirements which may have been subject to tradeoff.�   
 
Detailed criteria for determining the postcrash fire potential ratings for the areas specified above 
are contained in ¶10.2.3 of ADS-11B. 
 
5.2.3  ADS-36:  Rotary Wing Aircraft Crash Resistance. 

Aeronautical Design Standard (ADS) 36:  �Rotary Wing Aircraft Crash Resistance,� was issued 
on 1 May 1987 and currently remains in effect [50]. 
 
§5.5 requires that aircraft systems be designed to possess specific postcrash fire protection 
characteristics, specified therein.  Major characteristics addressed include: 
 

a. Fuel containment 
 

(1) Fuel tanks, main 
(2) Fuel tanks, extended range 
(3) Fuel lines 
(4) Frangible attachments 
(5) Self-sealing breakaway couplings/valves 

 
b. Separation of fuel and ignition sources 
c. Separation of flammable fluids and occupiable areas 
d. Shielding 
e. Fuel drains 
f. Fill units and access covers 
g. Fuel pumps  
h. Fuel filters and strainers 
i. Fuel quantity indicators 
j. Vents 
k. Hydraulic and oil systems 

 
(1) Hydraulic and oil lines and couplings 
(2) Hydraulic and oil systems components 
(3) Oil coolers 

 
l. Electrical system 

 
(1) Wiring 
(2) Batteries and electrical components 

 
m. Airframe and interior materials 
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Appendix A, §10, to ADS-36 sets forth methods for testing systems, subsystems and 
components, including: 
 

a. Fuel tank crashworthiness 
b. Frangible attachments (static and dynamic testing) 
c. Self-sealing breakaway valves (static and dynamic tests) 
d. Hose assemblies (fuel, oil, and hydraulic) 
e. Flammability tests for airframe and interior materials 
f. Full scale whole aircraft and sectional crash tests 

 
5.2.4  Aircraft Crash-Survival Design Guide (TR-89-D-22E). 

The most recent edition of the U.S. Army�s Aviation Systems Command (AVSCOM) Crash 
Survival Design Guide (CSDG) was issued in 1989 and contains the most up-to-date guidance 
for designing crashworthy fuel systems to minimize and mitigate the effects of postcrash fires in 
Volume 5, �Aircraft Postcrash Survival� [45].  Section 4 establishes basic design guidelines that 
will inherently resist flammable fuel spillage and ignition during survivable accidents.  This 
objective requires that designs must integrate all potentially contributory aircraft systems by 
considering optimization between operational and maintenance functionality and 
crashworthiness.  The CSDG�s priority goals assume the following priority: 
 
a. Prevent spillage; but if some does occur, design to: 
b. Prevent ignition; but if some does get ignited, design to: 
c. Isolate. 
 
5.2.5  Military Specifications (MIL-SPECs). 

Numerous military specifications were developed over the years to address specific component 
requirements within crashworthy fuel systems.  Many were cancelled without supersession by 
the Department of Defense during the 1990s in its attempt to minimize the number of detailed 
specifications visited upon contractors and to transition to performance specifications.  
Unfortunately, there was little evaluation of the significance of the cancelled specifications for 
their effect on the suitability, safety, and survivability of weapons systems that might be 
procured absent detailed performance criteria.  Although there is currently an effort underway to 
memorialize the knowledge and experience of DoD agencies and appropriate civilian standards 
and practices organizations (e.g., SAE and ASTM), designers and procurers of aeronautical 
systems must guard that the current absence of corporate memory does not permit the loss of 
historical lessons so dearly learned (see §5.2.6). 
 
• MIL-T-27422B:  �Tank, Fuel, Crash-Resistant Aircraft� 
 

Of the various military specifications relating to CWFS the most significant is 
undoubtedly MIL-T-27422B [23].  Although published in February 1970 (Amended in 
April 1971), MIL-T-27422B remains the most current specification covering suitable 
design and materials for fabrication and testing of crashworthy fuel tanks. 
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Other pertinent specifications include: 
 
• MIL-H-25579E (current version):  �Hose Assembly, Tetrafluoroethylene, High 

Temperature, Medium Pressure, General Requirements for� 

• MIL-V-27393/A:  �Valve, Safety, Fuel Cell Fitting, Crash-Resistant General 
Specification for� Cancelled, superseded by SAE ARP 1616A dtd April 5, 1991 

• MIL-H-38360:  �Hose Assembly, Tetrafluoroethylene, High Temperature, High Pressure, 
Hydraulic and Pneumatic� Cancelled, superseded by SAE AS 604 and AS1339 

• MIL-H-83796:  �Hose Assembly, Rubber, Lightweight, Medium Pressure, 
General Specification� 

• U.S. Air Force Guide Specification (AFGS-87154A):  �Fuel Systems�General Design 
Specification for� 

Air Force Guide Specification 87154A, issued 1 July 1992, is a �fill in the blanks� design 
specification for aircraft fuel systems which appears to have been developed as an initial effort 
toward replacement of detailed specifications and standards by performance specifications [51].  
AFGS-87154A contains no reference either to postcrash fires or to crash-resistant fuel systems� 
design.  (Current military initiatives toward replacing detailed specifications and standards are 
discussed in sections 5.2.6 and 5.2.7.) 
 
5.2.6  Joint Service Specifications (From Foreword to Draft Joint Service Specification Guide�
Air System (JSSG-2000) Dated 29 October 1998, Superseding AFGS-87253A of 19 March 1993 
[52]). 

During the 1970s, the Department of Defense (DoD) and the Defense Science Board (DSB) 
investigated the cost of DoD acquisition development programs.  DoD results were reported in a 
1975 memorandum from the Deputy Secretary of Defense that cited the blanket application and 
unbounded subtiering of development specifications and standards as a major cost driver.  The 
DSB investigation concluded that, rather than specifying functional needs, the documents 
dictated design solutions.  It also noted that blanket applications of layer upon layer of �design 
specifications� actually represented a �bottom-up� versus a �top-down� process that not only 
failed to develop systems responsive to user operational needs but also inhibited technical 
growth.  As a result of these findings, DoD directed that policies be established to require 
tailored application of development specifications to all new system acquisitions.  The June 
1994 Memorandum from the Secretary of Defense on �Specifications & Standards�a New 
Way of Doing Business� further emphasized these policies.  (p.ii) 
 
Draft JSSG-2000 Release Note states:  

 
This specification guide supports the acquisition reform initiative and is 
predicated on a performance based business environment approach to product 
development.  As such it is intended to be used in the preparation of performance 
specifications.  It is one of a set of specification guides.  It is the initial release of 
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this guide.  In this sense this document will continue to be improved as the 
development program is accomplished.  (p. ii) 

 
Draft JSSG-2000 defines the Specification Guides as:  

 
...generic documents, intended to provide a best starting point for tailoring a 
specification for specific development program applications.  Furthermore, they 
are intended for common use among the services.  This not only facilitates joint 
programs, but also provides industry a single, consistent approach on defining 
requirements.  (p. ii) 
 
Joint Service Specification Guides state generic performance parameters with the 
design-specific portions of the requirements left blank.  Specification Guides 
provide a one-to-one correlation of...performance requirements to verifications.  
They include a guidance handbook to assist the document user in tailoring the 
specification requirements and verifications for program-specific applications.  
The handbook provides, for each requirement and associated verification, 
rationale for including the requirement, guidance to assist in filling in the blanks 
and tailoring, and  
 
�lessons learned that present valuable experiences related to the requirements 
and verifications.�  (p. ii) (emphasis added)  
 
The fundamental objectives of Draft JSSG-2000 are to provide consistent 
organization and content guidance for describing system requirements as 
translated from validated needs.  System requirements must be: 
 
• meaningful in terms of meeting user operational needs; 

• performance-based and avoid specifying the design; 

• measurable during design, development, and verification; 

• achievable in terms of performance, cost, and schedule; and 

• complete in the context of the system life cycle and in treating system products 
and processes. (p. iii) 

 
The final paragraph of the Foreword to Draft JSSG-2000 contains the following caveat:  

 
�There is, however, requirement information that remains in work along with 
most of the verification information.  These will be supplied at a later date.  
Expect this document to be periodically updated as the requirement and 
verification information is completed and comments/concerns from potential 
document users are received and evaluated.�; and  
 
�a. This specification guide has not been specifically reviewed to assure that 
the requirements, verifications, and their guidance are adequate for 
application to rotary wing or unmanned air vehicles.� (p.iv) (emphasis added) 
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An example of the requirements information proposed in Draft JSSG-2000 relevant to mitigation 
of postcrash fires and consequent crashworthy fuel systems is quoted from §3.3.6: �System 
Safety�: 

The cumulative system loss rate shall not be greater than ____ per flight hour at a 
system maturity of not less than ____ flight hours.  This rate includes system 
losses resulting from ground and flight operations as well as material and design 
related losses.  The cumulative system loss rate for materials and design causes 
shall be not greater than ____ per flight hour at system maturity of not less than 
____ flight hours. 
 

¶3.3.6.1: �Operational Safety,� offers the following boilerplate for requirements specifications: 
 
The system shall incorporate design features that promote safety of the crew, 
passengers, and maintenance and training personnel at all levels.  The system 
design shall conform to the following safety and health standards: 
______________.  [fill in the blank] 
 

 
Specific subsets of Operational Safety are limited to Foreign Object Damage (FOD), Acoustic 
Noise and Explosives.  Postcrash fire as an operational safety consideration is conspicuous by its 
absence. 
 
Draft JSSG-2000�s apparent exclusion of application to rotary-wing aircraft is particularly 
disturbing in view of the DoD�s prior cancellation of specifications and standards that apply to 
their design.  Operators, designers, and manufacturers will do well to ensure that verified 
methods for minimizing postcrash fires, by applying established crashworthy fuel system design 
criteria, are specified for future procurements. 
 
5.2.7  JSSG-2009:  Air Vehicle Subsystems Specification Guide. 

Appendix E to JSSG-2009 presents representative examples of boilerplate �fill-in-the-blanks� 
specification criteria [53].  ¶E.3.4.5.6.13 is the exemplar requirement specification for 
�Crashworthiness.�  It reads 
 

E.3.4.5.6.13  Crashworthiness 
 
If required, all fuel tanks, attachments, manifolds, fuel lines, and fittings installed 
inside the air vehicle shall be crashworthy.  Each fuel tank configuration in the 
air vehicle shall be capable of withstanding, without leakage,    (TBS)   foot per 
second impact. 
 
Fuel tanks, attachments, manifolds, fuel lines, and fittings shall be designed to 
allow relative movement and separation between the tank and structure without 
fuel spillage during a survivable crash. 
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Requirement Rationale (3.4.5.6.13) 
 
Relative motion between fuel tank, plumbing and structure is unavoidable during 
a survivable crash.  Leakage at fittings, valves, or attach points will occur unless 
specifically designed to prevent leakage. 
 

Requirement Guidance (3.4.5.6.13) 
 
TBS should be filled in with the maximum survivable impact velocity of a 
human being.  It is currently understood to be approximately 60 ft/sec. 
 

NOTE:  The source of the 60 ft/sec. figure in the above paragraph is unknown and its use is 
confusing and misleading.  Human tolerance to rapid speed changes is measured in 
terms of G forces over a specific time period, applied in a specific direction.  Military 
helicopters that crash with impact velocities in the 60 to 70 ft/sec. speed range are 
considered to be potentially survivable if they incorporate crashworthy features such as 
safe occupant space, energy absorbing seats, CRFS. 

 
Requirement Lessons Learned (3.4.5.6.13) 

(TBD) 
 

¶E.4.4.5.6.13 is the exemplar verification specification for �Crashworthiness.�  It reads: 
 

E.4.4.5.6.13  Crashworthiness 
 
If required, all fuel tanks installed inside the air vehicle shall be crashworthy.  
Each fuel tank configuration in the air vehicle shall be capable of withstanding, 
without leakage, a    (TBS)    foot free-fall drop, onto a non-deforming surface 
when filled with water to normal capacity.  If desired, the test can be performed 
with a representative portion of air vehicle structure surrounding the tank.  The 
capability of each fuel tank configuration to withstand the free-fall drop test shall 
be verified by    (TBS)   . 
 

Verification Rationale (4.4.5.6.13) 
(TBD) 

Verification Guidance (4.4.5.6.13) 
 
TBS should be filled in with component test. 
 

Verification Lessons Learned (E.4.4.5.6.13) 
 

The production tank with all openings suitably closed should be filled to normal 
capacity with water and air removed.  The fuel tank should be placed upon a 
platform and raised to a height of 65 feet.  A light cord may be used to support the 
tank in its proper attitude.  Tanks installed in air vehicle structure should be raised 
to a height of 65 feet; no platform should be used.  The platform and structure 
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should be released and allowed to drop freely onto a non-deforming surface so 
that the tank and structure should impact in a horizontal position ±10°.  After the 
drop, there should be no leakage. 

 
Despite these limited exemplars� attempts to memorialize at least the qualitative characteristics 
of current CRFS specifications, current efforts underway to replace validated specifications and 
standards with performance specifications for the �new way of doing business� threatens to 
forfeit historical lessons dearly learned.  Wholesale cancellation of utilitarian specifications and 
standards by the DoD during the 1990s, without supersession, reflected little esteem for those 
characteristics which have had positive effects on weapons systems� suitability, safety, and 
survivability.  Detailed performance criteria must be derived from effective prior specifications 
and standards which themselves grew out of operational experience in order to avoid resurrecting 
the fatal errors of history.  
 
5.2.8  MIL-STD-882D, Dated 10 February 2000:  �Standard Practice for System Safety�. 

This document states:  �The system safety requirements to perform throughout the life cycle for 
any system, new development, upgrade, modification, resolution of deficiencies, or technology 
development.  When properly applied, these requirements should ensure the identification and 
understanding of all known hazards and their associated risks; and mishap risk eliminated or 
reduced to acceptable levels.  The objective of system safety is to achieve acceptable mishap risk 
through a systematic approach of hazard analysis, risk assessment, and risk management.  This 
document delineates the minimum mandatory requirements for an acceptable system safety 
program for any DoD system.� 
 
5.3  CIVIL SPECIFICATIONS. 

The most recent advance in civil rotorcraft CRFS regulatory requirements is contained in 
Amendments 27-30 and 29-35 to Title 14, U.S. Code of Federal Regulations, Parts 27 and 29, 
respectively.  These amendments, effective on November 2, 1994, were originated by Notice of 
Proposed Rulemaking (NPRM) No. 90-24, issued September 27, 1990 and subsequently 
corrected on December 11, 1990.  The Final Rule was published in Federal Register, Vol. 59, 
No. 190, dated Monday October 3, 1994, 50380-50388. 
 
5.3.1  Normal Category Rotorcraft. 

Amendments 27-30 and 29-35 modified 14 CFR Part 27 and Part 29 in substantially identical 
ways.  The text for Part 27 follows: 
 

Original §27.561: General 
 
This section was amended by adding new paragraph (d) as follows: 

 
(d) Any fuselage structure in the area of internal fuel tanks below the passenger 
floor level must be designed to resist the following ultimate inertial factors and 
loads and to protect the fuel tanks from rupture when those loads are applied to 
that area: 
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(i) Upward � 1.5g 
(ii) Forward � 4.0g 
(iii) Sideward � 2.0g 
(iv) Downward � 4.0g 

 
New §27.952: Fuel System Crash Resistance 

 
This section was added as follows: 

 
Unless other means acceptable to the Administrator are employed to minimize the 
hazard of fuel fires to occupants following an otherwise survivable impact (crash 
landing), the fuel systems must incorporate the design features of this section.  
These systems must be shown to be capable of sustaining the static and dynamic 
deceleration loads of this section, considered as ultimate loads acting alone, 
measured at the system component�s center of gravity, without structural damage 
to system components, fuel tanks, or their attachments that would leak fuel to an 
ignition source. 
 
(a) Drop test requirements.  Each tank, or the most critical tank, must be drop-

tested as follows: 
 

(1) The drop height must be at least 50 feet. 

(2) The drop impact surface must be nondeforming. 

(3) The tank must be filled with water to 80 percent of the normal, full 
capacity. 

(4) The tank must be enclosed in a surrounding structure representative 
of the installation unless it can be established that the surrounding 
structure is free of projections or other design features likely to 
contribute to rupture of the tank. 

(5) The tank must drop freely and impact in a horizontal position ±10°. 

(6) After the drop test, there must be no leakage. 
 

(b) Fuel tank load factors.  Except for fuel tanks located so that tank rupture 
with fuel release to either significant ignition sources, such as engines, 
heaters, and auxiliary power units, or occupants is extremely remote, each 
fuel tank must be designed and installed to retain its contents under the 
following ultimate inertial load factors, acting alone. 
 
(1) For fuel tanks in the cabin: 

 
(i) Upward � 4g. 
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(ii) Forward � 16g. 
(iii) Sideward � 8g. 
(iv) Downward � 20g. 
 

(2) For fuel tanks located above or behind the crew or passenger compartment 
that, if loosened, could injure an occupant in an emergency landing: 
 
(i) Upward � 1.5g. 

(ii) Forward � 8g. 
(iii) Sideward � 2g. 
(iv) Downward � 4g. 
 

(3) For fuel tanks in other areas: 
 
(i) Upward � 1.5g. 
(ii) Forward � 4g. 
(iii) Sideward � 2g. 
(iv) Downward � 4g. 

 
(c) Fuel line self-sealing breakaway couplings.  Self-sealing breakaway couplings 

must be installed unless hazardous relative motion of fuel system components to 
each other or to local rotorcraft structure is demonstrated to be extremely 
improbable or unless other means are provided.  The couplings or equivalent 
devices must be installed at all fuel tank-to-fuel line connections, tank-to-tank 
interconnects, and at other points in the fuel system where local structural 
deformation could lead to the release of fuel. 

 
(1) The design and construction of self-sealing breakaway couplings must 

incorporate the following design features: 
 

(i) The load necessary to separate a breakaway coupling must be 
between 25 to 50 percent of the minimum ultimate failure load 
(ultimate strength) of the weakest component in the fluid-carrying 
line.  The separation load must in no case be less than 300 pounds, 
regardless of the size of the fluid line. 

(ii) A breakaway coupling must separate whenever its ultimate load 
(as defined in paragraph (c)(1)(i) this section) is applied in the 
failure modes most likely to occur. 

(iii) All breakaway couplings must incorporate design provisions to 
visually ascertain that the coupling is locked together (leak-free) 
and is open during normal installation and service. 

(iv) All breakaway couplings must incorporate design provisions to 
prevent uncoupling or unintended closing due to operational 
shocks, vibrations, or accelerations. 
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(v) No breakaway coupling design may allow the release of fuel once 
the coupling has performed its intended function. 

(2) All individual breakaway couplings, coupling fuel feed systems, or 
equivalent means must be designed, tested, installed, and maintained so 
that inadvertent fuel shutoff in flight is improbable in accordance with 
§27.955(a) and must comply with the fatigue evaluation requirements of 
§27.571 without leaking. 

 
(3) Alternate, equivalent means to the use of breakaway couplings must not 

create a survivable impact-induced load on the fuel line to which it is 
installed greater than 25 to 50 percent of the ultimate load (strength) of the 
weakest component in the line and must comply with the fatigue 
requirements of §27.571 without leaking. 

 
(d) Frangible or deformable structural attachments.  Unless hazardous relative motion 

of fuel tanks and fuel system components to local rotorcraft structure is 
demonstrated to be extremely improbable in an otherwise survivable impact, 
frangible or locally deformable attachment of fuel tanks and fuel system 
components to local rotorcraft structure must be used.  The attachment of fuel 
tanks and fuel system components to local rotorcraft structure, whether frangible 
or locally deformable, must be designed such that its separation or relative local 
deformation will occur without rupture or local tearout of the fuel tank or fuel 
system components that will cause fuel leakage.  The ultimate strength of 
frangible or deformable attachments must be as follows: 
 
(1) The load required to separate a frangible attachment from its support 

structure, or deform a locally deformable attachment relative to its support 
structure, must be between 25 and 50 percent of the minimum ultimate 
load (ultimate strength) of the weakest component in the attached system.  
In no case may the load be less than 300 pounds. 

(2) A frangible or locally deformable attachment must separate or locally 
deform as intended whenever its ultimate load (as defined in paragraph 
(d)(1) of this section) is applied in the modes most likely to occur. 

(3) All frangible or locally deformable attachments must comply with the 
fatigue requirements of §27.571. 

(e) Separation of fuel and ignition sources.  To provide maximum crash resistance, 
fuel must be located as far as practicable from all occupiable areas and from all 
potential ignition sources. 

(f) Other basic mechanical design criteria.  Fuel tanks, fuel lines, electrical wires, and 
electrical devices must be designed, constructed, and installed, as far as 
practicable, to be crash resistant. 
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(g) Rigid or semirigid fuel tanks.  Rigid or semirigid fuel tank or bladder walls must 
be impact and tear resistant. 

Other Sections of 14 CFR Part 27 
 
New §27.967 was added to Part 27, and §§27.963, 27.973, and 27.975 were revised for 
consistency with other changes and to incorporate the load factors cited in §27.952. 
 
5.3.2  Transport Category Rotorcraft. 

New §29.952 was added, reading identically to §27.952 except for references to §§29.xxx in lieu 
of 27.xxx.  Changes were also incorporated into §§29.963, 29.967, 29.973, and 29.975 for 
consistency with similar sections of 14 CFR Part 27. 
 
These amendments incorporated the successful strategies that were imposed in military rotorcraft 
by MIL-T-27422B.  The FAA issued Advisory Circular (AC) 29-2B on July 30, 1997, to specify 
alternative means for compliance and proof testing of the requirements established by 14 CFR 
29.952 [54].  As of this writing, the FAA has yet to issue any Advisory Circular Guidance for 
CRFS in Normal Rotorcraft.  However, in view of the identical wording of §27.952 to §29.952, 
it seems logical that normal rotorcraft designers following the guidance of AC 29-2B would not 
be far off the mark. 
 
Among the related material, AC 29-2B cites military specification MIL-V-27393 (USAF), July 
12, 1960: �Valve, Safety, Fuel Cell Fitting, Crash Resistant, General Specification for.�  (AC 29-
2B, ¶447.b.@p.700).  Both the original release of MIL-V-27393 in 1960 and its 1964 revision 
have been criticized for specifying restrictive features for self-sealing breakaway fittings designs 
that might not be necessary in an otherwise satisfactory fitting [11].  Almost 35 years ago that 
report concluded that: 
 

The sequence of operations, movement distances, loads required to operate the 
valves, and the envelope dimensions appear to be suitable for one particular 
design concept only, whereas the actual functional requirements of preventing 
fuel loss should be of primary importance�.The restrictive requirements 
established by MIL-V-27393A have hindered the development of other design 
concepts.  No fittings have ever been operationally certified to this specification.  

 
MIL-V-27393 has been cancelled, and the AC 29-2B reference should be amended to read �SAE 
Aerospace Recommended Practice ARP 1616 Rev. A,� dated April 05, 1991 [55]. 
 
It is ironic that civil rotorcraft design guidance has begun to incorporate military specifications 
for mitigating the incidence of postcrash helicopter fires at the same time that the DoD has 
chosen to rescind its detailed CRFS specifications in favor of more broadly based performance 
specifications.  It is hoped that both communities can find common definitions that can 
incorporate the best design parameters from historical lessons to minimize the incidence of 
postcrash fires and their resultant carnage. 
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6.  FUEL SYSTEM CRASH-SURVIVABILITY EVALUATION. 

6.1  POSTCRASH FIRE POTENTIAL RATING SYSTEM. 

The Aircraft Crash Survivability Evaluation process that is part of Aeronautical Design Standard 
(ADS)-11B [48] is designed to numerically relate the crash survival potential of a particular 
aircraft design to what is considered optimum for each specific issue to be rated, e.g., the fuel 
system.  Throughout the past thirty years, the rating system has been highly reliable in 
pinpointing potential crash survivability problem areas. 
 
The primary objective of the evaluation process is to provide a tool for use during the 
preliminary design phase of new aircraft or for modification to existing aircraft.  These early 
evaluations identify problem areas in sufficient time to accomplish design changes with a 
minimum cost in time and dollars. 
 
The Aircraft Crash Survivability Evaluation is based on the probable performance of an aircraft 
in an upper limit survivable crash, since it is assumed that protection of the occupants to their 
upper limits of human survivability is the major goal in aircraft crashworthiness design. 
 
When evaluating any aircraft from a crash survival point of view there are six basic factors that 
must be considered. 
 
1. Crew retention system, 
2. Passenger retention system, 
3. Postcrash fire potential, 
4. Basic airframe crashworthiness, 
5. Evacuation, and 
6. Injurious environment. 
 
In order to develop a reasonable crash survivability rating, weighted values have been assigned 
to the various factors.  The percent of weight assigned to each is based on their relative hazard 
potential.  The six factors with their hazard potential are shown in table 6-1. 
 
When performing the rating, the hazard potential percentage has been converted to an optimum 
point value where a perfect score on all six factors would equal 720.  For existing aircraft not 
incorporating a crashworthy fuel system, inadequate restraint systems and postcrash fire have 
been equally responsible for injuries and fatalities in accidents so they were weighted at 
approximately 35% each.  A poor score on either of these important items indicates a critical 
situation from a crash survival point of view�depending on such variables as number of 
occupants carried, operating terrain, and rescue facilities. 
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TABLE 6-1.  AIRCRAFT SURVIVABILITY HAZARD RATING 

 Hazard Potential Optimum Points 
1.  Crew retention system 17.9% 125 
2.  Passenger retention system 17.2% 125 
3.  Postcrash fire potential 35.2% 255 
4.  Basic airframe crashworthiness 17.2% 125 
5.  Evacuation  8.3% 60 
6.  Injurious environment  4.2% 30 

Totals  100% 720 
 
Each of the six factors is in turn broken down into subfactors against which a hazard potential 
percentage has been assigned and converted to an optimum point value.  The evaluator selects 
that portion of the optimum point value that each subfactor is worth and lists it accordingly.  The 
criteria for the postcrash fire potential rating subfactors are listed in table 6-2 and discussed 
briefly on the following pages.  When rating an aircraft, the subfactors are given a point value 
proportional to the desirable qualities outlined in this discussion. 
 

TABLE 6-2.  POSTCRASH FIRE POTENTIAL RATING 

 Optimum 
Points 

Actual 
Points 

Spillage Control   
     Fuel containment  60*  
     Oil containment 20  
     Flammable fluid lines 30  
     Firewall   9  
     Fuel flow interrupters   9  
Ignition Control   
     Induction and exhaust flame location 30  
     Location of hot metals and shielding 30  
     Engine location and tiedown strength 15  
     Battery location and tiedown strength 12  
     Electrical wire routing 12  
     Boost pump location and tiedown strength   7  
     Inverter location and tiedown strength   6  
     Generator location and tiedown strength   6  
     Lights location and tiedown strength   5  
     Antenna location and tiedown strength   4  

Total Points  255  
 
*  If a range extension system is included in the evaluation, allow 40 points for primary fuel system 

and 20 points for the range extension system. 
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6.1.1  Spillage Control. 

• Fuel Containment (Optimum = 60 points) 
 
Location (20% of total value) � 12 points 
 
The location of the fuel tank should be evaluated with respect to the anticipated impact 
area, occupiable area, large weight masses, and primary ignition sources. 
 
Vulnerability (20% of total value) � 12 points 
 
The vulnerability of a fuel tank should be evaluated with respect to possible tank ruptures 
caused by various aircraft structural failures, such as landing gear failure and vertical 
column deflection.  Tank failures associated with structural displacement, such as 
ruptures around the filler neck, the fuel line entry and exit area, the quantity indicators, 
and the tiedown devices should also be considered. 
 
Construction Technique (50% of total value) � 30 points 
 
The construction technique is evaluated for two primary considerations.  One is tank 
geometry and the other is tank construction materials. 
 

Tank Geometry 
 
Smooth contoured shapes are given the highest number of points, whereas irregular 
shapes and interconnected multicell tanks are given the lowest number of points. 
 
Cell Material 
 
The tank is given a certain number of points, depending on its construction. 
 
Crash Resistant per MIL-T-27422B   30 points 
 
Crash Resistant per MIL-T-5578C   12 points 
       dated 26 July 1983* 
 
Metal Canister         6 points 
 
Integral           3 points 
 

                                                 
* MIL-T-5578 deals with self-sealing characteristics of fuel tanks when subjected to various caliber projectiles, and 
  does NOT address crash resistance directly. 
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Fuel Boost System (10% of total value) � 6 points 
 
The fuel boost pump should be evaluated according to its potential for causing fuel 
spillage due to fuel cell rupture or line failure.  This includes location and method 
of fuel cell attachment. 
 

• Oil and Hydraulic Fluid Containment (Optimum = 20 points) 
 
Location (34% of total value) � 7 points 
 
The location of the oil tank should be evaluated from the standpoint of its proximity to 
the anticipated impact area, occupiable area, large weight masses, and primary ignition 
sources. 
 
Vulnerability (34% of total value) � 7 points 
 
Evaluate from the standpoint of rupture resistance from other aircraft structure; e.g., 
control linkage failures causing puncture to the tank. 
 
Construction and Tiedown Adequacy (32% of total value) � 6 points 

 
Construction Methods 
 
Construction methods are evaluated in descending order of oil-containing ability. 
 
Cellular       6 points 
Bladder       4 points 
Sheet Metal      2 points 
 
Tiedown Adequacy 
 
Tiedown should be evaluated primarily on the adequacy of the system to safely 
support the tank during typical crash accelerations. 
 

• Flammable Fluid Lines (Optimum = 30 points) 
 
Construction (33% of total value) � 10 points 
 
The construction of fuel lines should be judged in accordance with the hose material and 
couplings.  Experience has shown that rigid lines fail before the flexible type; thus, 
flexible lines with a steel braided outer sheath are given the most points.  Also included 
in this phase of the evaluation are the couplings.  The fewer the couplings the better.  
Ninety degree couplings are less desirable than the straight type.  Any coupling is less 
desirable than an uncut hose.  Aluminum fittings usually fail before steel ones. 
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Routing (33% of total value) � 10 points 
 
The routing of the fuel lines is an important consideration.  The lines must not pass 
through areas where they can get trapped, cut, or pulled.  Extra hose length (20-30% in 
areas of anticipated structural deformation) should be provided.  Holes through which the 
fuel lines pass should be considerably larger than the O.D. of the hose. 
 
Breakaway Fittings (33% of total value) � 10 points 
 
Breakaway fittings or self-sealing breakaway valves should be installed on each fuel line 
that enters and exits the fuel tank.  It is also advisable to have them installed at strategic 
locations throughout the system. 
 
Firewall (Optimum = 9 points) 
 
Evaluate the firewall from the standpoint of how well it will function as a shield between 
crash-induced fluid spillage and the various engine ignition sources. 
 
Fuel Flow Interrupters  (Optimum = 9 points) 
 
Fuel flow interrupters are devices that block or divert the flow of spilled flammable 
fluids.  There are many different methods to perform this function; including baffles, 
drain holes, drip fences and curtains. 
 

6.1.2  Ignition Control. 

Induction and Exhaust Flame Location (Optimum = 30 points) 
 
Evaluate from the standpoint of: 
 
(1) Location of expelled flames in relation to location of spilled flammable liquids. 
(2) Fuel ingestion. 
 
Location of Hot Metals and Shielding (Optimum = 30 points) 
 
Evaluate from the standpoint of how well the hot items (temperatures above 400º F) are 
shielded or protected from fuel spillage.  Components included are: 
 
(1) Engine (external and internal) 
(2) Exhaust System 
(3) Heater 
(4) APU 
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Engine Location and Tiedown Strength (Optimum = 15 points) 
 
Consider sequences of engine separation.  Where will the engine go and how will it affect 
the fuel cell, exhaust system, electrical wiring, and fuel and oil lines?  Will the engine 
come into contact with spilled flammable fluids? 
 
Retention strength is more important for helicopters in which the engine may be located 
above or just behind the fuel cell; it is of less consequence for pod-mounted engines. 
 
Battery Location and Tiedown Strength (Optimum = 12 points) 
 
Evaluate from the standpoint of tiedown strength and of vulnerability of the battery and 
attached wiring to damage during a crash.  Location should also be as far as possible 
from fuel and oil tanks and anticipated areas of flammable fluid spillage. 
 
Electrical Wire Routing (Optimum = 12 points) 
 
Evaluate from the standpoint of crashworthiness of routing and vulnerability to damage 
during crash.  Some excess length (20-30%) should be provided to allow for airframe 
deformation during a crash. 
 
Fuel Boost System (Optimum = 7 points) 
 
The fuel boost system should be evaluated with respect to its function as an ignition 
source.  The following items should be considered: 
 
(1) Power Supply.  (An air pressure system is best, a hydraulic system is next best, 

and an electrical system is least desirable.) 

(2) Pump Location.  (A suction system with the pump located on the engine is best.  
A pump located outside the tank is next best and an internal tank mounted pump 
is least desirable.) 

Inverter Location and Tiedown Strength (Optimum = 6 points) 
 
Evaluate from the standpoint of tiedown strength and of vulnerability of the inverter and 
attached wiring to damage during crash.  Location should be as far as possible from fuel 
and oil tanks and anticipated areas of flammable fluid spillage. 
 
Generator Location and Tiedown Strength (Optimum = 6 points) 
 
Evaluate from the standpoint of tiedown strength and of vulnerability of the generator 
and attached wiring to damage during a crash.  Location should be as far as possible from 
fuel and oil tanks and anticipated areas of flammable fluid spillage. 
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Lights (Beacons, Search and Navigation (Optimum = 5 points) 
 
Are the light filament and/or wires immediately surrounding the light attachments in the 
area of possible flammable fluid spillage? 
 
Antenna Location (Optimum = 4 points) 
 
Evaluate the antenna systems and their respective wiring from the standpoint of 
vulnerability to damage and location in the areas of possible flammable fluid spillage. 
 

6.2  FUEL SYSTEM FIRE HAZARD LEVEL REDUCTION. 

The previous section discussed the postcrash fire survivability factors and ratings criteria for 
helicopter fuel and electrical systems.  This section presents a more detailed postcrash fire 
evaluation based on a rating system that has been used to determine the percent of overall fire 
hazard attributable to selected fuel system components [56].  An example evaluation is included 
to illustrate how the evaluation process is used to reduce the fire hazard level of the fuel system. 
 
6.2.1  Evaluation Criteria and Process. 

6.2.1.1  General. 

Now that truly crash-resistant fuel systems exist in most U.S. military helicopters, and 
crashworthy hardware is available from many aerospace manufacturers, the fuel system designer 
is confronted with the problem of trying to determine how much fire safety can (or should) be 
included in any given fuel system design.  An evaluation technique has been developed which 
allows a fuel system design to be evaluated to determine the relative �fire hazard level� for each 
component and/or hazardous area.  Proposed crashworthy design changes can then be integrated 
into the original design and the system re-evaluated to determine the fire hazard level reduction.  
This process allows the designer to make intelligent tradeoffs, when necessary, in the fuel system 
design to achieve the desired reduction in the postcrash fire hazard. 
 
For the evaluation to be performed, several assumptions must be made to establish a baseline or 
starting point.  
 
1. The only fire threat being evaluated is the one from the fuel system.  (The cargo, oils, etc. 

are not included in this evaluation, although they, too, could be evaluated if they were 
included in the evaluation process.) 

2. The fire threat associated with the original fuel system is the basis from which the fuel 
system improvements are to be measured.  As an example, the overall fire threat 
associated with the original fuel system is assumed to be 100%.  Improvements in fuel 
system design are measured in percentage of reduction from the original 100% fire 
hazard level. 
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3. In order to evaluate the behavior of various fuel system designs, a crash environment that 
is typical of the serious, marginally survivable accident must be used as the basic 
reference point. 

4. The evaluator must be skilled in accident investigation and reconstruction, fuel system 
design, aircraft and aircraft systems behavior during crash situations, and crash-resistant 
design. 

The evaluation process is performed in the following manner. 
 
1. The original fuel system is defined and the various component and/or hazardous areas are 

noted, as shown in figure 6-1 and in table 6-3. 

2. Each identified component or hazardous area in the original fuel system is evaluated in 
accordance with the rating system (defined below) to determine its relative fire hazard 
level. 

3. The original fuel system design is modified to incorporate various crashworthy hardware 
and/or design changes, and then re-evaluated in accordance with the rating system to 
determine the fire hazard level reductions attributable to the improved design. 

NOTE: The original fuel system may be upgraded by the addition of only one crashworthy 
item, or by the addition of many crashworthy items.  Each upgraded system must be 
evaluated as a complete system to determine the fire hazard level reduction attributable 
to separate design changes.  The reason for the complete re-evaluation of each 
upgraded system is that the changing of one or more components and/or hazardous 
areas can, and usually does, influence the behavior of the remaining components and/or 
hazardous areas. 

 
6.2.1.2  The Rating System. 

The rating system evaluates the following four items: 
 
1. The likelihood of fuel spillage occurring from the designated components and/or 

hazardous areas during the serious, marginally survivable crash. 

2. The likelihood of fuel spillage from the designated component/area catching fire. 

3. The likelihood of an existing fire that started at a designated component/area functioning 
as an ignition source for other probable spillages in other designated areas.  (The chain 
reaction situation.) 

4. The probable escape time available to occupants if a fire occurs at a designated 
component/area. 
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To Engine 
Driven Fuel 
Pump 

1. Filler 
2. Boost Pump 
3. Crossover Tube 
4. Shutoff Valve 
5. Fuel Hose 
6. Firewall Fitting 
7. Filter 
8. Vent Line 
9. Drain 

 
FIGURE 6-1.  HYPOTHETICAL HELICOPTER FUEL SYSTEM 

 
TABLE 6-3.  FUEL SYSTEM FIRE HAZARD LEVEL�UNMODIFIED ORIGINAL 

Item Description 
% 

FCS1 
% 

LSCF2 
Points 
FSOF3 

Points 
EET4 

Hazard 
Units5 

Fire 
Hazard 
Level6 

% 
Hazard 

Reduction7 
Main Fuel System        

1 Bladder � Wall 75 75 8 10 10.1 20.4 N/A 
2 Bladder � Filler 75 60 8 10 8.1 16.4 N/A 
3 Bladder � Access 25 50 5 9 1.8 3.7 N/A 
4 Bladder � Outlets 50 50 6 8 3.5 7.2 N/A 
5 Crossover line 75 50 9 10 7.1 14.3 N/A 
6 Fuel lines 50 90 8 7 6.8 13.7 N/A 
7 Vent lines 25 40 6 7 1.3 2.6 N/A 
8 Drain valves 50 30 6 5 1.6 3.2 N/A 
9 Fuel pump 50 40 6 8 2.8 5.7 N/A 
10 Fuel cap 25 75 8 10 3.4 6.9 N/A 
11 Fuel filter 25 75 8 6 2.6 5.3 N/A 
12 Quantity probe (N/A)        
13 Fuel shutoff valve 10 25 5 6 0.3 0.6 N/A 

Totals 49.4 100.0  
 
NOTE: 
 
1. FCS = Likelihood of a component to fail and cause spillage 

2. LSCF = Likelihood of spillage catching fire 

6. Fire Hazard Level = 

Hazard Units (by item)     × 100  

3. FSOF = Likelihood of fire starting other fires  
Hazard Units (total unmodified) 

4. EET = Numeric code representing estimated escape time for occupants 

5. Hazard Units = (FCS/100 x LSCF/100) x (FSOF + EET) 

7. Percent Fire Hazard Reduction = 

Basic Hazard Level � Modified Hazard Level  × 100 
Basic Hazard Level 
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• Failure of a Component Which Causes Spillage 
 

When rating the fuel system components and/or hazardous areas for the likelihood of fuel 
spillage during the serious, marginally survivable crash, the following items should be 
included in the evaluation: 

 
1. Vulnerability of the component and/or area during impact. 

 
a Location 
b Specific component or area design 

 
2. Probability that a destructive impact will occur.  Each designated component/area 

rated in each specific system configuration.  The rating is given in the form of 
percentage of probable spillage occurrence.  Example:  If the designated 
component/area will cause spillage during every serious crash, it is given a 100% 
rating, whereas if it will cause spillage in only one out of every four accidents, it 
is given a rating of 25%. 
 

• Likelihood of Spillage Catching Fire 
 

When rating the fuel system components and/or hazardous areas for the likelihood of fuel 
spillage catching fire, the following items should be included in the evaluation. 

 
1. Availability of ignition sources. 
 

a. Type 
b. Available energy and duration 
c. Location 

 
2. Size of fuel spill 
3. Probable spillage paths 
 
Spillage occurring at each designated component/area is rated in each specific system 
configuration.  The rating is given the form of percentages of probable ignition. 
 
Example:  If the spillage will catch fire every time during the serious crash environment, 
it is given a 100% rating.  If it will ignite in only one out of every four accidents, it is 
given a rating of 25%. 

 
• Fire Starting Other Fires 
 

When rating the fuel system components and/or hazardous areas for the likelihood of an 
existing fire serving as an ignition source for other spillages, the following items should 
be included in the evaluation: 

 
1. Location of fire 
2. Size of fire 
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3. Location of other ignitable material 
4. Possible spillage paths 
5. Possible flame spread paths 

 
Each fire is rated in each specific system configuration.  The rating is given in the form of 
points.  If an existing fire is 90% to 100% likely to ignite surrounding spillages, a rating 
of 10 is given.  If the likelihood of an ignition chain reaction is 80% to 90%, a rating of 9 
is given.  The point rating decreases at the rate of 1 point per each 10% decrease in 
likelihood of occurrence, as shown below. 

 
Likelihood of Chain 

Rating Points 
 

Reaction Occurrence 
10 90% - 100% 
9 80% - 90% 
8 70% - 80% 
7 60% - 70% 
6 50% - 60% 
5 40% - 50% 
4 30% - 40% 
3 20% - 30% 
2 10% - 20% 
1 0% - 10% 

 
• Estimated Escape Time 
 

When rating the fuel system components and/or hazardous areas for the probable escape 
time available to occupants if a fire occurs, the following items should be included in the 
evaluation: 

 
1. Location of initial fire relative to the occupants. 
2. Growth potential of the fire. 

 
a. Initial spillage quantity 
b. Sustained spillage quantity 

 
3. Egress considerations 

 
a. Location of occupants relative to the escape routes 
 
b. Complexity of the escape (doors, hatches, handles, cargo, and other 

potentially delaying problems) 
 

Each fire is rated in each specific system configuration.  The rating is given in the form of 
points.  If the escape time is estimated to be less than 20 seconds, the fire is given a rating 
of 10.  If the escape time is more than 20 seconds, but less than 40 seconds, the fire is 
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rated 9.  The point rating decreases at the rate of one point for each 20 second increase in 
escape time as shown below. 

 
 Rating Points Available Escape Time  

10 0 - 20 Seconds 
9 20 - 40 Seconds 
8 40 - 60 Seconds 
7 60 - 80 Seconds 
6 80 - 100 Seconds 
5 100 - 120 Seconds 
4 120 - 140 Seconds 
3 140 - 160 Seconds 
2 160 - 180 Seconds 
1  180 - 

 
For a discussion of why 180 seconds is chosen as the maximum time duration, see Escape 
Time Discussion, section 6.2.1.3. 

 
• Hazard Units 
 

�Hazard Units� are arbitrary numbers derived by the following formula. 
 

(FCS/100 x LSCF/100) x (FSOF + EET) 
 

FCS   = Rating in percent for each component/area when evaluated for the likelihood 
of the component �failing and causing spillage.� 

LSCF = Rating in percent for each component/area when evaluated for the 
�likelihood of the spillage catching fire.� 

FSOF = Rating in points for each fire when evaluated for the likelihood of �fire 
starting other fires.� 

EET    = Rating in points for each fire when evaluated for �estimated escape time� 
for occupants. 

• Fire Hazard Level 
 

The fire hazard level is 100% for the complete, original fuel system design.  For a 
specific component and/or designated area it is derived by the following formula. 

 
FHL  =  Component and/or area �Hazard Units�  x  100 

Total System �Hazard Units 
 
6.2.1.3  Escape Time Discussion. 

The length of time required for evacuation from a crashed aircraft can differ for a variety of 
reasons.  Examples include ratio of occupants to usable exits, ease of exit operation, interference 
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problems with things such as cargo, fire, the degree of occupant injury, and the availability of 
rescue personnel. 
 
Studies by these authors and others of aircraft crash fire growth rates and of evacuation times 
used by survivors in over 4,500 air crashes have shown that most evacuations fall into one of two 
categories.  Either the occupants are out of the aircraft within a few seconds to a minute or so or 
they are in the aircraft for a much longer period of time�in some cases hours or days. 
 
The growth rates of typical postcrash fires are such that they usually start out small, grow in 
intensity for several minutes, then start to subside.  One�s ability to survive these fires is usually 
predicated on the clothing one is wearing, the air one is breathing, the temperature to which one 
is being exposed, and the duration of one�s exposure. 
 
A summary of actual crash data, as well as experimental crash test data, indicates that 3 minutes 
is about as long as one can expect to survive in a major crash fire.  In fact, the survival time will 
be much less in many crashes, due primarily to the close proximity of the fuel to the occupants.  
The FAA currently requires that an aircraft be capable of evacuation within 90 seconds. 
 
For further study of the subject, the reader is referred to the scientific literature, much of which is 
summarized in Volume 5 of the U.S. Army �Aircraft Crash Survival Design Guide,� 
USAAVSCOM TR 89-D-22E [44], coauthored by the researchers who performed this study.  It 
is the basic handbook in the field and is available from the U.S. National Technical Information 
Service. 
 
6.2.2  Example Fuel System Fire Hazard Level Evaluation. 

The fuel system used as an example is shown in figure 6-1. 
 
6.2.2.1  Fuel System Fire Hazard Level�Original System. 

The Original Fuel System Hazard Level is shown in table 6-3.  The fuel system items were 
evaluated in accordance with the procedures described under section 6.2.1.  The table shows that 
the original fuel system has a total fire hazard level of 100%, and that the 100% level was 
derived from a hazard unit level of 49.4. 
 
Study of the individual fire hazard level percentage clearly shows that the helicopter fuel 
bladders and the fuel lines are the principal contributors to the fire problem, whereas the other 
items, even though they too contribute, are a lesser threat. 
 
6.2.2.2  Fuel System Fire Hazard Level�Modified System. 

Once the evaluation process yields the fire hazard level for the original fuel system, design 
change options are theorized, which, if implemented, will reduce the overall fire threat. 
 

 6-13



The options derived for the example fuel system are as follows: 
 
• Option A.  This option leaves the original fuel system as is, with two exceptions:  

upgrading the fuel feed line in the engine compartment and making the crossover 
line more crashworthy.  This option would install a self-sealing breakaway valve 
(SSBV) where the tank-to-engine fuel pump line passes through the firewall, and it 
would beef up each end fitting of the hose and the engine fuel pump fitting to assure 
that the valve would separate, rather than the hose end or the pump fitting failing.  
The crossover tube would be replaced with a tough, flexible steel-braided hose and 
the hose-fuel bladder attachments strengthened. 

 
• Option B.  This option utilizes the original fuel system with option A incorporated.  

In addition, the current helicopter fuel bladders would be replaced by more crash-
resistant bladders incorporating high-strength fittings at all tank outlets. 

 
The next step in the evaluation process subjects the fuel system items and their respective 
rated qualities, shown in table 6-3, to an iteration process whereby each item is re-evaluated 
assuming that the subject option had been performed. 
 
The fire hazard levels for the unmodified original system and for optional systems A and B 
show that option A (table 6-4) reduces the fire hazard level by 19 percent while option B 
(table 6-5) reduces the fire hazard level by 54 percent. 
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TABLE 6-4.  FUEL SYSTEM FIRE HAZARD LEVEL�MODIFIED/OPTION A 

Item Description 
% 

FCS1 
% 

LSCF2 
Points 
FSOF3 

Points 
EET4 

Hazard 
Units5 

Fire 
Hazard 
Level6 

% 
Hazard 

Reduction7 
Main Fuel System        

1 Bladder � Wall 75 75 8 10 10.1 20.4 0.0 
2 Bladder � Filler 75 60 8 10 8.1 16.4 0.0 
3 Bladder � Access 25 50 5 9 1.8 3.7 0.0 
4 Bladder � Outlets 40 50 6 8 2.8 5.7 20.8 
5 Crossover line 25 50 9 10 2.4 4.9 65.7 
6 Fuel lines 20 90 8 7 2.7 5.5 59.9 
7 Vent lines 25 40 6 7 1.3 2.6 0.0 
8 Drain valves 50 30 6 5 1.6 3.2 0.0 
9 Fuel pump 50 40 6 8 2.8 5.7 0.0 

10 Fuel cap 25 75 8 10 3.4 6.9 0.0 
11 Fuel filter 25 75 8 5 2.6 5.3 0.0 
12 Quantity probe (N/A)        
13 Fuel Shutoff valve 10 25 5 6 0.3 0.6 0.0 

Totals 39.9 80.9 19.1 
 

NOTE: 
 

1.   FCS = Likelihood of a component to fail and cause spillage  

2.  LSCF = Likelihood of spillage catching fire 

3.  FSOF = Likelihood of fire starting other fires 

 

4.  EET = Numeric code representing estimated escape time for occupants 

5.  Hazard Units = (FCS/100 x LSCF/100) x (FSOF + EET) 

 

6.  Fire Hazard Level = 
 

Hazard Units (by item)   x 100  
Hazard Units (total unmodified) 

 

7.  Percent Fire Hazard Reduction = 

Basic Hazard Level � Modified Hazard Level   x 100 
Basic Hazard Level 
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TABLE 6-5.  FUEL SYSTEM FIRE HAZARD LEVEL�MODIFIED/OPTION B 

Item Description 
% 

FCS1 
% 

LSCF2 
Points 
FSOF3 

Points 
EET4 

Hazard 
Units5 

Fire 
Hazard 
Level6 

% 
Hazard 

Reduction7 
Main Fuel System        

1 Bladder � Wall 30 60 7 10 3.1 6.3 69.7 
2 Bladder � Filler 30 50 7 10 2.6 5.3 68.6 
3 Bladder � Access 15 40 4 9 0.8 1.6 53.3 
4 Bladder � Outlets 20 40 5 8 1.0 2.0 62.3 
5 Crossover line 20 40 7 9 1.3 2.6 56.4 
6 Fuel lines 20 90 8 7 2.7 5.5 81.4 
7 Vent lines 25 35 6 7 1.1 2.2 11.3 
8 Drain valves 50 20 6 5 1.1 2.2 34.5 
9 Fuel pump 45 40 6 8 2.5 5.1 10.5 

10 Fuel cap 25 75 8 10 3.4 6.9 5.2 
11 Fuel filter 25 75 8 5 2.6 5.3 44.4 
12 Quantity probe (N/A)        
13 Fuel shutoff valve 10 25 5 6 0.3 0.6 16.7 

Totals 22.5 45.6 54.4 
 

NOTE: 
 

1.   FCS = Likelihood of a component to fail and cause spillage  

2.  LSCF = Likelihood of spillage catching fire 

3.  FSOF = Likelihood of fire starting other fires 

 

4.  EET = Numeric code representing estimated escape time for occupants 

5.  Hazard Units = (FCS/100 x LSCF/100) x (FSOF + EET) 

 

6.  Fire Hazard Level = 
 

Hazard Units (by item)   x 100  
Hazard Units (total unmodified) 

 

7.  Percent Fire Hazard Reduction = 

Basic Hazard Level � Modified Hazard Level   x 100 
Basic Hazard Level 
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7.  AC 29-2B DISCUSSION. 

7.1  BACKGROUND. 

In October 1994, 14 CFR Parts 27 and 29 of the Code of Federal Regulations, were amended by 
adding, among others, 14 CFR 29.952, which for the first time established a set of requirements 
that defined the civil CRFS for rotorcraft.  While the requirements were contained in 14 CFR 
29.952, no compliance guidelines were provided until July 30, 1997 when AC 29-2B was issued. 
 
Section 7.2 of this report comments on the adequacy and content of AC 29-2B in providing the 
aircraft fuel system designer with appropriate information to permit the designer to satisfy the 
CRFS criteria established in 14 CFR 29.952.  Section 7.3 of this report comments on the 
acceptance test levels that will most likely increase if the severity levels of the civil upper-limit 
survivable crash are increased to levels commensurate with the current state of the art for CRFS 
knowledge and technology. 
 
NOTE: While it is apparent that the FAA expended considerable resources in preparing AC 29-

2B, it is equally apparent that the FAA and NTSB have expended few resources in 
determining whether the new civil CRFS are performing as anticipated.  Virtually no 
data is available from FAA and NTSB crash investigations to determine the 
performance of the new CRFS in preventing or controlling postcrash fires.  The data 
used in preparing section 7 of this report is based only upon the observations and 
opinions of the authors and upon anecdotal information based on informal discussions 
with FAA and NTSB crash investigators and with engineers of civil helicopter 
manufacturers.  If CRFS performance is to be enhanced, it is absolutely essential that 
the FAA and the NTSB place a higher priority on collecting data relative to CRFS 
performance. 

 
Comments on certain paragraphs of AC 29-2B, and a reason for each proposed change, are set 
forth in section 7.2. 
 
7.2  AC 29-2B, 29.952, GENERAL COMMENTS. 

Paragraph 447, §29.952, a.(1), line 1:  Delete the phrase �safety standards� and replace it with 
the phrase �design standards.� 
 

Reason: The phrase �design standards� is more accurate. 
 

Paragraph 447, §29.952, a.(1)(ii), line 3:  Delete the phrase �occupant safety� and replace it with 
the phrase �occupant protection.� 
 

Reason: The word �protection� is more specific and more accurate. 
 

Paragraph 447, §29.952, a.(4), line 6:  Delete the numbers �0.03� and �0.018� and replace them 
with the numbers �0.08� and �0.18.� 
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Reason:  The thickness measurements are incorrect and should be corrected.  
These errors may have been typographical. 
 

Paragraph 447, §29.952, b.(1), line 2:  Add the following at the end of the line:  �(Cancelled, but 
in the process of being reissued.)� 
 

Reason:  The Army has informally acknowledged that MIL-T-27422B should not 
have been cancelled.  The SAE, Army and Navy, in conjunction with technical 
personnel from the aircraft manufacturers, bladder manufacturers, fuel system 
manufacturers and researchers are developing a new version of this Specification 
for likely release in 2001. 
 

Paragraph 447, §29.952, b.(2), line 1:  Delete the phrase �MIL-STD-1290(AV), Jan 25, 1974� 
and replace it with:  �MIL-STD-1290A (AV) dated Sept 26, 1988.  (Cancelled, without 
replacement.)� 

 
Reason:  MIL-STD-1290A (AV) is the most current version of the specification 
and it was cancelled in the mid-1990s.  ADS 11b and ADS 36 remain in effect 
and contain most of the same data.  It appears likely that this specification will be 
reissued in the near future. 
 

Paragraph 447, §29.952, b.(4), line 2:  Add at the end of the line:  �(Cancelled, superseded by 
SAE ARP 1616A dtd Apr. 5, 1991.)� 

 
Reason:  The cited specification is no longer in effect. 
 

Paragraph 447, §29.952, b.(7):  Delete the sentence and replace with:  �U.S. Army Publication 
USA AVSCOM TR 89-D-22E, �Aircraft Crash Survival Design Guide, Volume D, Aircraft 
Postcrash Survival,� dated Dec 1989.� 

 
Reason:  The deleted report reference is for the early draft version of the report.  
The current document identification is offered to replace the earlier version. 
 

Paragraph 447, §29.952, b. End Note:  Delete the Note and replace it with:  �Note:  section 4, 
�Postcrash Fire Protection� of Volume V of the Design Guide is the most recent update to MIL-
STD-1290A (AV).  Section 4 contains a comprehensive design guide for military CRFS designs 
that will be useful for civil CRFS designs.  In addition, some of the referenced Military 
Specifications listed above have been superceded and some have been canceled and not reissued, 
but they remain valuable and useful guides for the designer.� 
 

Reason: The military is in the process of changing many of its Military 
Specifications to Performance Standards.  Unfortunately, it cancelled many of its 
Specifications before the corresponding Performance Specifications could be 
written.  The ASME and the SAE have undertaken the task of rewriting many of 
the cancelled Specifications, but it will be years before the task is completed.  The 
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cancelled MIL SPECS contain much of the data needed by CRFS designers to 
design their systems.  The MIL SPECS remain a valuable tool. 
 

Paragraph 447, §29.952, c.(1), lines 8 and 9:  Delete the phrase �In lieu of a more rational, 
approved criteria . . .� and replace it with the phrase:   �Until approved criteria are established... � 

 
Reason:  In the future, a better definition of human survivability limits will be 
developed based on accident data and/or tests.  It is essential to remember that 
human tolerance depends on the time duration of G loads and not on G loads 
alone. 
 

Paragraph 447, §29.952, c.(6), line 2:  Delete the phrase �nonhazardously to an external drain� 
and replace it with the phrase:   �safely away from the aircraft.� 

 
Reason:  The phrase adds clarification. 
 

Paragraph 447, §29.952, c.(10), line 2:  After �line-to-tank connection,� insert �or fuel vent line.� 
 
Reason:  Dangerous fuel spillage often occurs through open fuel vent lines.  
 

Paragraph 447, §29.952, c.(10), line 4:  Delete the words �Each half self-seals . . .� and replace 
them with the words:  �One half or both halves self-seal(s). . .� 

 
Reason: Many self-sealing breakaway valves only seal one end, such as a vent 
line that exits a tank.  It is essential that the tank half seals to prevent fuel spillage, 
but there is no need to seal the other half unless other vent lines could drain fuel 
into it. 
 

Paragraph 447, §29.952, c.(10), line 9:  Delete the phrase �usually less than� and replace it with 
the phrase:  �not more than.� 

 
Reason:  The goal is to allow as small an amount of fuel spillage as possible (and 
practical).  Engine compartment valves should require even less spillage.   
 

Paragraph 447, §29.952, d.(1), line 20.  Delete the phrase �should be covered� and replace it 
with the phrase:  �may be covered by the applicant.� 
 
 Reason:   See comment to lines 22-24 below. 
 
Paragraph 447, §29.952, d.(1), line 21.  Delete the phrase �should be tinted� and replace it with 
the phrase:  �may be tinted by the applicant.� 
 
 Reason:   See comment to lines 22-24 below. 
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Paragraph 447, §29.952, d.(1), lines 22-24.  Delete the following sentence:  �The tank (except 
for the vent openings) should be wrapped in light plastic sheet to ensure that minor leakage or 
seepage (and its source) is detected.�  

 
Reason:  Based upon the observation of hundreds of fuel bladder and fuel cell 
drop tests during the development of the military CRFS, any covering of the tank 
or the airframe structure (actual or simulated) hampers photographic or video 
coverage during the actual impact and during the subsequent post drop 
examination.  Furthermore, covering the tank or dying the fluid is not typically 
needed.  Leakage can be readily detected, even if the rate is only a few drops per 
minute. 
 

Paragraph 447, §29.952, d.(1), lines 25.  Add the following words at the start of the sentence:  
�If the tank water is tinted, . . .� 

 
Reason:  Dying the water for tank testing is normally not necessary, but if the 
applicant decides to do so, the dye must not influence potential leakage. 
 

Paragraph 447, §29.952, d.(1), lines 34.  Add the word �airframe� before the word �puncture.� 
 
Reason:  Only airframe puncture risks are relevant.  Possible puncture from other 
sources such as the drop tower and the test apparatus are not relevant. 
 

Paragraph 447, §29.952, d.(1)(iii), line 5:  Add after the word �cover� the phrase:  �, if used,� 
and delete the phrase �or tank wrapping sheet.� 

 
Reason: Brown paper and plastic sheets should not be required and the tank 
should not be wrapped. 
 

Paragraph 447, §29.952, d.(2); (3)(ii); and (12): In each of these paragraphs, delete the notation 
�1 x 10-9� and replace it with �1 x 10-5.� 

 
Reason:  The number 1 x 10-9 is excessively small.  At best, only a paper analysis 
can be used to show a one in a billion probability of occurrence.  It is the 
equivalent of 1000 helicopters flying 1000 hours per year for 1000 years with no 
more than one failure.  There are no known tests or experiences that can lead to 
this probability, and therefore, the results are unverifiable.  A more realistic 
number is 1 x 10-5.  (See, for example, §29-952d,(10)). 
 

Paragraph 447, §29-952, d.(5), line 2:  Delete the phrase  �to separate� and replace it with the 
phrase:  �to fracture and separate.� 
 
 Reason:  See next comment below. 
 
Paragraph 447, §29-952, d.(6), lines 1 and 2:  Delete the phrase �to separate� and replace it with 
the phrase:  �to fracture and separate.� 

 7-4



 

Reason:  These paragraphs should be interpreted to apply only to couplings that 
breakaway (separate) by fracturing valve components.  Because the valves must 
not be �fragile,� the minimum fracture value, when applied during the crash 
sequence should not be less than 300 lbs.  This is a realistic value that has been 
demonstrated during the past 30 years of military CRFS experience.  However, 
when quick disconnect valves are installed as breakaway valves, they are installed 
in such a manner that movement caused by the crash pulls a device (e.g., the hose 
or a cable lanyard) that uncouples the valve halves, allowing an easy, clean 
separation.  Since the force required to uncouple quick disconnect valves can be 
as low as 5 lbs, they should only be installed in areas where activities surrounding 
the normal flight and service environment can not cause them to be inadvertently 
separated. 
 

Paragraph 447,  §29.952, d.(9):  Delete the third sentence, and replace it with the following:  
�This should be no more than 8 ounces of fuel per coupling, except for couplings used in the 
engine compartment that should release no more than 4 ounces of fuel per coupling.� 

 
Reason:  8 ounces of fuel spilled in an engine compartment where the fuel could 
spread or spray over the hot components, and where there  could be significant 
electrical sparking if wires are cut or torn, is likely to start a hazardous fire. 
 

Paragraph 447, §29.952, d.(11)(i), line 3:  Add �(superseded by SAE AS 604 and AS 1339)� 
after the cite �MIL-H-38360. 

 
Reason:  MIL-H-38360 has been superseded by the newer SAE documents. 
 

Paragraph 447, §29.952, d.(11)(ii), lines 1 and 2:  Delete the phrase �Hoses should neither pull 
out of their fittings nor should the end fittings break� and replace it with:  �Hoses should not pull 
out of their end fittings and the end fittings should not   break. . . .� 

 
Reason:  The change adds clarity. 
 

Paragraph 447, §29.952, d.(12), line 6:  See comments above under §29.952,d.(2) and (3). 
 
Paragraph 447, §29.952, d.(18)(i), lines 3-8:  Delete the third and fourth sentences and replace 
them with:  �Flexible liners can resist only pure tension loads acting as a membrane (i.e., it has 
negligible bending strength).  The rigid shell structure required by §29.967(a)(3) that surrounds 
the flexible liner (membrane) carries the crash-induced impact and tear loads; however, the liner 
can be subjected to penetration and/or cutting by sharp surfaces if the shell structure is similarly 
damaged. 
 

Reason:  The flexible liner should be cut-and-tear resistant to the same level as 
the other components surrounding the fuel tank. 
 

Paragraph 447, §29.952, d.(18)(iv)(A), (B) and (C):  Comment � These values are considerably 
less than those required by the military fuel system specifications.  Future civil helicopter crash 
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testing and field crash investigation data must be gathered to determine if these FAA 
requirements are adequate for civil helicopter crash-resistant fuel systems. 
 
7.3  AC 29-2B, 29.952, INCREASING THE CRFS CAPABILITY. 

This section of the report provides comments on the acceptance test levels that will most likely 
be increased if the severity levels of the civil upper-limit survivable crash are increased to a level 
commensurate with the current state of the art for CRFS knowledge and technology. 
 
Paragraph 447, §29.952, a.(iv).   

 
Comment:  The height for the tank drop test should be increased.  The military 
uses 65 feet, which has helped produce a very effective CRFS.  It is hoped that 
when the existing 50 ft. drop height is increased, it will be raised as a result of a 
comprehensive test program. 
 

Paragraph 447, §29.952, a.(4).   
 
Comment:  The CRFS bladder wall thickness now in use will likely be increased 
slightly; however, future research programs could yield new materials that are 
lighter and thinner than those now available.  
 

Paragraph 447, §29.952, c.(11).   
 
Comment:  When the severity level of the survivable civil helicopter crash is 
increased, the tank puncture resistance will, by necessity, also be increased.  It 
will likely be increased either in TSO-C80, or by the proven standards described 
in MIL-T-27422B, which measure it differently.  If the MIL-T-27422B standards 
are selected, their existing levels may be used, or they may be modified as a result 
of a research effort. 
 

Paragraph 447, §29.952, d.(1).   
 
Comment:  The increase in crash severity will likely dictate that, for drop test 
purposes, the tank will be filled to a greater water level than the 80% now in use.  
The safety margin gained by the increase will be needed because civil helicopters 
will be crashing at greater velocities and at flight attitudes that have never been 
tested, even during the current FAR 29.952 certification process.  Investigation of 
these upper level, serious but survivable, accidents will likely show that when the 
bladders are called upon to bridge gaps in displacing structure, especially when 
the gap edges are sharp, the bladders will tear, their seams will open and their 
fittings will pull out.  Each of these failures can release large quantities of fuel and 
contribute significantly to the postcrash fire. 
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Paragraph 447, §29.952, d.(1)(ii).   
 
Comment:  As CRFSs are designed and built to comply with the current FAR 
29.952, consideration must be given to controlling the dangerous fuel spillage 
from tank vents.  The technical knowledge exists today to prevent vent spillage; it 
is only a matter of implementation into civil helicopter design. 
 

Paragraph 447, §29.952, d.(2)(i).   
 
Comment:  As the knowledge that was developed during the military CRFS 
research programs is adopted in the civil sector, one of the areas that will likely be 
changed relates to restraint issues for auxiliary fuel cells located in the cabin.  
Load limiting restraint systems will be employed to safely restrain the tanks 
during a defined crash deceleration scenario of G forces versus time.  This can be 
done safely and at low weight using current technology. 
 

Paragraph 447, §29.952, d.(2)(iv)(v).   
 
Comment:  Same as Para 447, §29.952,a.(iv).  
 

Paragraph 447, §29.952, d.(18)(iv)(A),(B) and (C).   
 
Comment:  The existing AC 29-2B paragraphs discuss the MIL-T-27422B, 
�Military Specification:  Tank, Fuel, Crash-Resistant Aircraft� portions 
relating to a series of six separate tests:  the constant rate tear, the impact 
penetration, the impact tear, the panel strength calibrations and the fitting 
strength.  These six tests are the key standards used to evaluate the 
crashworthiness of the military fuel cell. 
 
The authors of AC 29-2B chose to adopt three of the tests:  the constant rate 
tear, the impact penetration and the impact tear; however, the values were 
lowered from the corresponding military CRFS values.  The constant rate tear 
test was lowered form 400 ft/lbs to 200 ft/lbs, the impact penetration dart 
drop height was lowered from 15 feet to 8 feet, and the impact tear test drop 
height was lowered from 10 feet to 8 feet with the resulting tear length being 
increased from 0.5 inches to 1.0 inches. 
 
As the fuel cell is called upon to function safely in accidents of increasing 
severity, these three test levels will likely be increased.  Also, the other three 
tests that are currently omitted from FAR certification requirements may be 
reconsidered for inclusion because these tests are known to work and all of 
the major fuel cell manufacturers incorporate them in their fully developed 
products that satisfy all MIL-T-27422B requirements. 
 

Paragraph 447, §29.952, d.(18) Note. 
 
 Comment:  Same as Para 447, §29.952,c.(11). 
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8.  CONCLUSIONS. 

The following are conclusions reached as of a result of this study of helicopter Crash-Resistant 
Fuel Systems (CRFS). 
 
1. Crash-resistant fuel systems developed and utilized by the U.S. Army are highly effective 

in preventing helicopter postcrash fuel fires that cause thermal fatalities and injuries. 
 
2. The research conducted to date indicates that the crash severity level of the upper-limit 

survivable accident for civil helicopters is considerably lower than the corresponding 
level of the upper-limit survivable accident for military helicopters.   

 
3. Increasing the civil helicopter severity level of the upper-limit survivable accident is not 

caused by the lack of knowledge regarding CRFS technology or the availability of CRFS 
hardware, but rather it appears to be more related to economic considerations. 

 
4. As of this date, the civil helicopter crash severity level of the upper-limit survivable 

accident is, at best, only an estimation because of the almost complete lack of 
crashworthiness data recorded at the accident scene. 

 
5. The percentage of all civil helicopter crashes that are survivable or partially survivable, 

when measured in terms of (i) G forces versus time and (ii) livable space, is unknown.  
This value, when calculated and considered in conjunction with the frequency of 
occurrence, will provide a baseline for engineers to use when designing to reduce the 
postcrash fire threat. 

 
6. Advisory Circular 29-2B, issued in July 1997, contains the new, well reasoned Fuel 

System Crash Resistance Subsection 29-952.  Based on the limited accident data 
available since issuance, it appears that it is assisting the aircraft designer in reducing the 
postcrash fire hazard. 

 
7. The integration of CRFS technology into the civil helicopter fleet can be accomplished 

more efficiently and at a lower cost and at reduced weight when more is known about 
civil helicopter airframe behavior during the more severe accidents.  Knowledge about 
the more severe accidents can be assembled more quickly and evaluated more easily 
through the use of ratings systems, such as the ones discussed in this report. 
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9.  RECOMMENDATIONS. 

The recommendations, based on this study, outline the research efforts which should be 
undertaken by the FAA and NASA to support the development of improved crash-resistant fuel 
systems for civil helicopters. 
 
The knowledge surrounding upper level severity accidents, and the behavior of civil helicopter 
structures in those accidents, is not well known or understood.  This lack of knowledge hampers 
the engineering effort to design and integrate optimal CRFS technology into new helicopter 
designs.  This knowledge can be obtained by accomplishing the following recommendations: 
 
1. Elevate the FAA and the NTSB accident investigators� level of expertise in the area of 

crash survivability, with special emphasis related to crash kinematics and the behavior of 
the fuel, oil and electrical systems. 

2. Using investigators skilled in the field of crash survivability, develop crash kinematic 
data for each accident to include impact velocities and stopping distances related to the 
vertical, longitudinal, and lateral directions, determine and note the behavior of the fuel 
system overall, its specific individual components, and the airframe structure surrounding 
the fuel system; and further develop and implement a method of compiling and storing 
this data for easy retrieval. 

3. Conduct a limited number of crash tests using helicopters built to the new FAA CRFS 
requirements to assess CRFS effectiveness. 

4. As knowledge is gained under Task 2 and 3, determine the percentage of nonsurvivable 
and partially survivable accidents∗, as a function of all civil helicopter accidents.  This 
information will identify those areas where enhancements to future CRFS technology 
will save additional lives. 

5. As knowledge is gained under Tasks 2, 3, and 4, select a desired survivability level as a 
goal and fund the research and test efforts that are necessary to attain that goal.  The 
efforts should include: 

A. Crash testing of helicopter hulls; 

B. Crash testing of CRFS components; 

C. Crash testing of helicopters containing various CRFS designs; 

                                                 
∗  A nonsurvivable accident is defined as an accident having a G force versus time history applied to occupants that 

is above their human survival range, or one that fails to provide livable space for the occupants throughout the 
entire crash sequence.  A partially survivable accident is an accident wherein some occupiable areas are survivable 
and other occupiable areas are not. 
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D. Developing programs to optimize the performance and physical characteristics of 
various CRFS components, including: 

(i) lighter and more crashworthy bladders; 

(ii) lighter fuel lines and end fittings; 

(iii) self-sealing breakaway valves, with an emphasis on valve standardization 
and simplification; and 

(iv) frangible fastening schemes to include bolts, clips, clamps, and other 
structural techniques. 

E. Developing programs to improve the airframe structural crashworthiness in and 
around the various fuel system components and line routings. 

6. While Tasks 1-5 are being performed, start a concurrent effort to develop a method for 
predicting the probable success of a proposed design.  Relative risk∗ levels should be 
used in tradeoff studies, similar to those employed in System Safety analysis procedures 
(MIL-STD-882D) in which the probability of occurrence is estimated on a fleet level and 
the degree of hazard is estimated for the specific event.  Costs (weight penalty, dollars, 
etc.) should be weighed against risk levels during these tradeoff studies.  Evidence should 
be provided that the incorporation of a crashworthiness feature in each specific situation 
will decrease the risk, at an acceptable cost.  The specific risk acceptance levels 
established by the regulatory agencies will then become a part of the certification 
decision process. 

7. Adopt the revision suggested by the work effort embodied in this report for inclusion in 
future editions of AC 29-2 

 
 
 
 
 

                                                 
∗ Risk = Probability of occurrence multiplied by the severity of the specific hazard. 
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